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Title – In vivo evaluation of the role of Delta-like 4/Notch signaling in the development 
of intestinal tumors   
 
Abstract  
Colorectal cancer (CRC) is the third most common malignancy and the second leading 
cause of cancer-related death in the Western world. Dll4/Notch signaling has been shown to 
regulate tumor angiogenesis and cancer stem cell maintenance in CRC, but how it affects 
the intestinal precancerous lesions that lead to CRC initiation is not known. Therefore we 
evaluated the role of Dll4/Notch pathway during intestinal tumorigenesis. For that we used 
two well-established mouse models of CRC, the ApcMin/+ autochthonous transgenic model 
and the azoxymethane plus dextran sodium sulphate chemically induced model of chronic 
colitis associated-cancer (CAC). First we analyzed the protein expression pattern of Dll4 and 
other Notch pathway members in these settings relatively to that in the normal gut. Then we 
evaluated the effect of endothelial-specific or ubiquitous Dll4 deregulation and performed a 
therapeutic trial with the Dll4 inhibitor Dll4-Fc. This protein was administered alone, and in 
combination with the epidermal growth factor receptor (EGFR)-specific tyrosine kinase 
inhibitor erlotinib to assess if the anti-Dll4 therapy mediated vascular defects impaired the 
delivery of other anti-cancer drugs to the tumors. We observed that the Notch pathway is 
activated in the two studied models of CRC. The normal protein expression pattern of Notch 
pathway members in the gut is altered in chronic colitis and in ApcMin/+ and colitis-driven 
intestinal tumors. Dll4 is the most upregulated ligand in the intestinal adenomas in both 
models of CRC and is present in both tumor epithelium and stroma. Both Dll4 blockade 
(endothelial-specific and ubiquitously) and activation (endothelial-specific) have an inhibitory 
effect on intestinal tumor initiation and growth by promoting a noncompetent vasculature or 
decreasing the vessel density, respectively. Besides its angiogenic related effects, Dll4/Notch 
pathway promotes excessive inflammation in CAC, sustains the tumor stem cell pool and 
tumor proliferation synergistically with Wnt signaling, and inhibits differentiation mainly of the 
secretory cells. In addition, the effectiveness of erlotinib is not affected by Dll4-Fc, where 

















































Título – Avaliação in vivo da função da sinalização intercelular Dll4/Notch no 
desenvolvimento de tumores intestinais   
 
Resumo  
O cancro colo-rectal (CCR) é o terceiro tipo de cancro mais comum e é uma das principais 
causas de morte no Mundo Ocidental. O CCR geralmente desenvolve-se esporadicamente, 
mas também pode ser hereditário como na síndrome polipose adenomatosa familiar (PAF). 
A PAF está associada à ativação da via de sinalização Wnt através de mutações no gene 
supressor tumoral Adenomatous Polyposis Coli (APC), que também ocorre frequentemente 
nos CCR esporádicos. O desenvolvimento do CCR também pode estar associado a 
inflamação crónica, nomeadamente à doença de Crohn (CD) e à colite ulcerativa (UC). 
Infelizmente o desenvolvimento de novas estratégias terapêuticas ou preventivas que 
tenham como alvo vias de sinalização críticas no desenvolvimento do CCR continua a ser 
extremamente necessário. Uma dessas estratégias tem como alvo a angiogénese tumoral. 
O primeiro agente anti-angiogénico a ser aprovado foi o Bevacizumab, que é usado em 
combinação com outros fármacos no tratamento do CCR metastático. No entanto, a 
utilização deste fármaco leva ao aparecimento de efeitos secundários e resistência tumoral 
e em tumores não metastáticos não se tem mostrado eficaz. Assim, continua a ser 
necessário desenvolver melhores estratégias terapêuticas anti-angiogénicas. 
A via de sinalização Notch está envolvida em múltiplas decisões de destino celular e em 
eventos fisiológicos e patológicos nos mamíferos. Estudos em modelos de xenotransplantes 
e autóctones no ratinho indicaram que o bloqueio da via Dll4/Notch inibe o desenvolvimento 
tumoral ao promover a formação de vasos sanguíneos disfuncionais nos tumores. No 
entanto, a terapia com inibidores de Dll4/Notch pode provocar toxicidade, promover o 
desenvolvimento do cancro através do aumento dos níveis de hipoxia, limitar o acesso de 
outros fármacos ao tumor e tornar-se ineficaz pela capacidade dos tumores de 
“normalização” dos defeitos vasculares. Deste modo, a estratégia oposta, nomeadamente a 
ativação de Dll4/Notch, também tem sido estudada como terapia oncológica anti-
angiogénica. No entanto, foi demonstrado que a sobre-expressão de Dll4 nas células 
tumorais pode promover ou inibir o crescimento tumoral em diferentes tipos de cancro 
através da redução ou do aumento dos níveis de hipoxia e de apoptose, respectivamente. 
Porém, esta estratégia ainda não foi estudada no CCR. 
No CCR, para além do efeito angiogénico, a via Dll4/Notch poderá também regular 
positivamente o pool de células estaminais cancerígenas e deste modo promover a 
carcinogénese. No entanto, este efeito nunca foi estudado nas lesões intestinais pré-
malignas que caracterizam a iniciação tumoral do CCR. 
Deste modo, neste trabalho pretendeu-se avaliar a via Dll4/Notch na tumorigénese intestinal. 
Para este efeito, utilizaram-se dois modelos pré-estabelecidos de CCR em ratinho. Um dos 
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modelos consiste no ratinho transgénico ApcMin/+, no qual uma mutação pontual no gene Apc 
causa o desenvolvimento espontâneo de múltiplos adenomas no intestino delgado e no 
grosso. O outro é um modelo induzido por químicos, no qual a administração do 
carcinogénio azoximetano associado a quatro ciclos do agente pró-inflamatório sulfato de 
dextrano sódico levam ao aparecimento de cancro colo-rectal associado a colite crónica 
(CAC). Procedeu-se então à avaliação do padrão de expressão proteica de Dll4 e de outros 
componentes da via Notch na colite crónica, nos tumores associados a esta e nos tumores 
ApcMin/+ relativamente ao intestino normal. Em seguida, analisou-se o efeito da desregulação 
genética de Dll4 no desenvolvimento tumoral nos dois modelos. Para avaliar se os efeitos do 
bloqueio da via Dll4/Notch eram apenas associados ao seu fenótipo vascular, compararam-
se ratinhos ApcMin/+ com perda-de-função endotelial-específica e ubíqua de Dll4. Também se 
analisaram ratinhos ApcMin/+ com sobre-expressão endotelial de Dll4 para avaliar se esta 
estratégia alternativa poderá ser considerada no tratamento do CCR. A ativação de Dll4 foi 
feita especificamente no endotélio, porque estudos anteriores indicaram que a sobre-
expressão de Dll4 no epitélio tumoral poderá favorecer o desenvolvimento tumoral. No caso 
do modelo de CAC, fez-se uma análise de ratinhos heterozigóticos constitutivos ubíquos 
para Dll4. Seguidamente, realizou-se um ensaio terapêutico nos dois modelos de CCR com 
o inibidor de Dll4, a proteína de fusão Dll4-Fc, que se liga aos receptores Notch e age como 
dominante-negativo. Esta proteína foi também administrada em combinação com o inibidor 
da tirosina-quinase do receptor do factor de crescimento epidérmico (EGFR) erlotinib para 
avaliar se os defeitos vasculares resultantes da terapia anti-Dll4 impedem o acesso de 
outros fármacos aos tumores. A associação foi feita com o erlotinib pela importância da via 
de sinalização EGFR no desenvolvimento do CCR e de já ter sido demonstrado haver uma 
interação entre as vias EGFR e Notch noutros tipos de cancro. 
Os resultados obtidos confirmaram que a via Notch está ativa nos dois modelos de CCR 
através dos efetores Hes1 e Hes5. Adicionalmente, o padrão de expressão proteica dos 
membros da via Notch no intestino normal sofre variações significativas na colite crónica e 
tanto nos tumores associados a inflamação como nos ApcMin/+. Dll4 é o ligando mais sobre-
expresso nos adenomas intestinais nos dois modelos de CCR e está presente no epitélio e 
no estroma tumorais. Este adquire expressão ectópica nas células absortivas nos dois 
modelos e a sua expressão aumenta sobretudo na lamina propria na colite crónica e no 
epitélio tumoral nos dois modelos. 
Tanto o bloqueio genético (endotelial-específico e ubíquo) e farmacológico, como a ativação 
(endotelial-específica) de Dll4 levam a uma redução significativa do volume tumoral 
intestinal e sobretudo do número destes tumores por animal. Nos ratinhos ApcMin/+, o efeito 
na multiplicidade tumoral é mais acentuado no intestino delgado e o efeito no volume 
tumoral mais no intestino grosso. No bloqueio de Dll4 o efeito anti-tumoral está associado à 
formação de uma vasculatura disfuncional nos adenomas, enquanto que na ativação de 
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Dll4, este efeito está associado à redução da densidade vascular intra-tumoral. 
Consequentemente, em ambos os casos, a privação dos tumores de vasos sanguíneos 
competentes leva ao aumento dos níveis de hipoxia, que por sua vez causa um aumento da 
apoptose intra-tumoral. Adicionalmente, reduz moderadamente os níveis de proliferação 
tumoral e da expressão do marcador de células estaminais leucine-rich repeat-containing G-
protein-coupled receptor 5 (Lgr5), mas não do B cell–specific Moloney murine leukemia virus 
insertion site 1 (Bmi1). No entanto, o efeito positivo da via Dll4/Notch na manutenção das 
células estaminais tumorais e na proliferação tumoral parece não ser só provocado pelo 
fenótipo vascular. Estes efeitos poderão ser provocados pela regulação negativa da 
expressão dos inibidores de quinase dependentes de Ciclina Cdkn1b e Cdkn1c através da 
inibição da expressão de Atoh1.  Para além disso, poderão também estar associados à 
regulação positiva de c-myc, Ciclina D1 e D2 possivelmente através da inibição da 
expressão de Klf4 não dependente da ativação da via Wnt. Deste modo, Dll4/Notch parece 
regular a tumorigénese intestinal em sinergia com a via Wnt. Por outro lado, a via Dll4/Notch 
parece também promover por mecanismos não-angiogénicos o desenvolvimento neoplásico, 
provocando um aumento de displasia nos tumores e perda de diferenciação epitelial 
tumoral, sobretudo das células secretoras (caliciformes e de Paneth) através da redução da 
expressão de Atoh1 e Klf4. No entanto, o efeito desta via na diferenciação destas células 
não é tão acentuado como o descrito relativamente à inibição de toda a via Notch.  
No ensaio terapêutico constatou-se que a eficácia do erlotinib não é negativamente afetada 
pelo Dll4-Fc, em que o aumento de extravasação vascular nos tumores poderá levar à 
acumulação do erlotinib no local. A associação destes fármacos mostrou-se até ser 
benéfica. Estes inibem de forma aditiva a tumorigénese intestinal, através da regulação 
negativa de c-Myc e Ciclina D1 e D2 de forma maioritariamente independente da via Wnt. 
Como já previamente descrito, erlotinib  mostrou ser ineficaz na redução do tamanho e 
desenvolvimento tumorais. Este fármaco também não afetou a apoptose intra-tumoral, 
possivelmente por haver uma redução da hipoxia consequente da “normalização” da 
vasculatura tumoral. Tal pode estar associado ao observado aumento da ativação de Notch1 
nos tumores tratados com erlotinib. Por outra parte, Dll4-Fc parece afectar negativamente a 
ativação da via EGFR, sobretudo do seu alvo Akt.  O efeito angiogénico de Dll4-Fc é mais 
potente que o do erlotinib, o que leva à inibição do crescimento e desenvolvimento tumorais 
quando associados. Adicionalmente, esta associação terapêutica também promove a 
diferenciação epitelial inespecífica, possivelmente pelo aumento menos pronunciado da 
expressão de Atoh1 nestes tumores. 
No modelo de CAC a ação anti-tumoral do bloqueio genético e farmacológico de Dll4 pode 
ser também devida à observada redução da inflamação excessiva e da expressão de 
importantes promotores de CAC, tais como a via anti-apoptótica e pró-proliferativa Tnf-
α/Nfkb2/Il-6, e do aumento da expressão do inibidor de CAC Tgf-β. 
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Deste modo, neste trabalho constatou-se que a via Dll4/Notch promove a iniciação e 
desenvolvimento dos adenomas intestinais ApcMin/+ e dos associados a colite, através da 
regulação dos seguintes processos: angiogénese, inflamação, proliferação, apoptose, 
diferenciação/transformação neoplásica e manutenção das células estaminais tumorais. Os 
resultados pré-clínicos obtidos indicam que tanto a inibição como a ativação desta via e, 
sobretudo, a associação de terapias anti-DLL4 e anti-EGFR, poderão ser benéficos no 
tratamento de CRC em estádios iniciais, assim como para prevenção em pacientes com 
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The main purpose of this work is to identify the role of Dll4/Notch during intestinal 
tumorigenesis using two mouse models. This thesis is divided in four chapters: 
1) Characterization of the protein expression pattern of Notch pathway in ApcMin/+ tumors 
compared with the normal WT small and large intestine. This was followed by an 
evaluation of ubiquitous and endothelial-specific blockade of Dll4 in the ApcMin/+ 
model 
2) Analysis of endothelial-specific overexpression of Dll4 in the ApcMin/+ model 
3) Evaluation of anti-Dll4 (Dll4-Fc) therapy and of its association with the EGFR inhibitor 
(erlotinib) in the ApcMin/+ model 
4) Characterization of the protein expression pattern of Notch pathway in chronic colitis 
and in colitis-associated cancer (CAC). This was followed by an evaluation of genetic 
and therapeutic (Dll4-Fc) Dll4 blockade effect on chronic colitis-associated intestinal 
tumorigenesis using a chemically induced model (by a carcinogen and a pro-







Colorectal cancer (CRC) is one of the main causes of death in the Western world. It is the 
third most common cancer type and approximately half a million people die of this disease 
every year (Jemal et al., 2011). CRC is a very heterogeneous disease that is caused by the 
interaction of genetic and environmental factors. The majority of CRCs are sporadic (Bogaert 
& Prenen, 2014). Only a small proportion of cases are hereditary, as familial adenomatous 
polyposis (FAP) (Bogaert & Prenen, 2014). CRC can also be associated to chronic 
inflammation, as a long-term complication of Crohn’s disease (CD) (Ekbom, Helmick, Zack, & 
Adami, 1990) and ulcerative colitis (UC) (Svartz & Ernberg, 1949). Mouse models of CRC 
allow us to understand the mechanisms that lead to initiation and progression of this disease 
(Corpet & Pierre, 2005). Despite increasing advances, prognosis for advanced CRC patients 
remains bleak due to recurrence and toxicity (Eng, 2009), reinforcing the need for novel 
therapeutic intervention, preventive strategies and chemopreventive agents. The Notch 
signaling pathway can provide opportunities to address this urgent need. This pathway is 
involved in multiple and relevant cell functions in the normal development and in 
physiological and pathological processes (Aster, 2014). Notch receptors, ligands, and target 
genes are expressed in the embryonic and adult intestine (Sander & Powell, 2004; Schroder 
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& Gossler, 2002). Functionally Notch and Wnt signaling cooperatively regulate cell 
proliferation and tumorigenesis in the intestine (Fre et al., 2009). Studies indicated that 
Dll4/Notch blockade inhibits tumor growth by promoting dysfunctional and immature tumor 
angiogenesis in a variety of xenograft and autochthonous models of different types of cancer, 
including CRC (Djokovic et al., 2010; Hoey et al., 2009; Noguera-Troise et al., 2006; 
Ridgway et al., 2006; Scehnet et al., 2007). However, there are concerns about the ability of 
nonfunctional blood vessels to normalize leading to tumor regrowth and that this 
noncompetent vasculature may impair the delivery of other anti-cancer drugs to the tumors. 
In addition, there are also concerns about potential toxicity of chronic Dll4 blockade (Djokovic 
et al., 2010; J. L. Li, Jubb, & Harris, 2010; Minhong Yan et al., 2010) and hypoxia-induced 
malignancy (Hayden, 2009). Therefore, activation of Dll4, which negatively regulates VEGF 
signaling (Williams, Li, Murga, Harris, & Tosato, 2006), is being considered as an anti-
angiogenic strategy to treat cancer (J. L. Li et al., 2007; Segarra et al., 2008). However, 
reports showed contradictory results regarding the effect of Dll4 activation on tumor growth 
and further studies are necessary to unveil this question. In CRC this approach has never 
been studied, but as blocking Dll4 in the colorectal tumor has a direct anti-cancer effect 
(Hoey et al., 2009), the opposite approach may presumably promote cancer. Nevertheless, 
we can speculate that the activation of Dll4 specifically in the endothelium can possibly 
represent a beneficial strategy to suppress CRC growth. 
Dll4-mediated signaling and therapeutic approaches have been extensively studied in 
cancer, mainly focusing on its angiogenic phenotype. In CRC Dll4/Notch signaling seems to 
have an additional role maintaining the cancer stem cell population (M. Fischer et al., 2010; 
Hoey et al., 2009). However, little is known about the impact of this pathway on benign or 
premalignant colorectal tumors and it may be useful to understand the role of this pathway 
on CRC initiation and to develop possible chemoprevention strategies and nonsurgical 
treatment for benign tumors without the need of chemotherapeutics, mainly in patients highly 
predisposed to develop CRC.  
Therefore, our goal was to analyze the expression and dissect the functions of Dll4/Notch in 
two well-established mouse models that mimic the development of human CRC. One of the 
models used is the autochthonous transgenic mouse model ApcMin/+ (Yasuhiro Yamada & 
Mori, 2007). The other is induced by the carcinogen azoxymethane followed by the pro-
inflammatory agent dextran sulfate sodium salt administration to promote chronic colitis-
associated cancer (CAC) (Clemens Neufert, Christoph Becker, & Markus F. Neurath, 2007). 
Additionally, we analyzed if the noncompetent vasculature associated to anti-Dll4 therapy 
impaired the delivery of other anti-cancer drugs to the tumor. One of the strategies used in 
the clinics to improve the efficacy of standard CRC treatment is blocking EGFR pathway 
(Rolfo et al., 2014). In addition, a relationship of Notch and EGFR pathways was found in 
lung, breast and skin cancers and in gliomas (Dong, Li, Wang, Weber, & Michel, 2010; H. 
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Yamaguchi, Chang, Hsu, & Hung, 2014). Therefore we combined the Dll4/Notch inhibitor 
Dll4-Fc, a fusion protein that binds to Notch receptors and acts as dominant-negative, with 
an EGFR tyrosine kinase inhibitor (TKI), erlotinib. This allowed us to understand if this 
association could be beneficial to treat patients with CRC. These studies were converted into 
the four chapters of this thesis:  
 
1. Delta-like 4/Notch signaling promotes ApcMin/+ tumor initiation through angiogenic 
and non-angiogenic related mechanisms 
Badenes, M., Trindade, A., Pissarra, H., Costa, L., Duarte, A. 
 
2. Delta-like 4 endothelial overexpression decreases the vascularity of intestinal 
adenomas in ApcMin/+ mice reducing tumor multiplicity and growth 
Badenes, M., Trindade, A., Pissarra, H., Costa, L., Duarte, A. 
 
3. Delta-like 4/Notch inhibition has a synergistic effect with anti-Egfr therapy on 
ApcMin/+ tumorigenesis 
Badenes, M., Trindade, A., Pissarra, H., Liu, R., Krasperonov, V., Gill, S.P., Costa, L., 
Duarte, A. 
 
4.  Delta-like 4/Notch signaling blockade inhibits the development of chronic colitis-
associated colorectal cancer in mouse model 
Badenes, M., Trindade, A., Pissarra, H., Liu, R., Carinhas, J., Krasperonov, V., Gill, S.P., 

















3 LITERATURE REVIEW 
 
3.1 Intestinal morphology and homeostasis 
In mammals the functions of the intestinal tract are digestion, absorption of nutrients, 
expelling waste and protection against luminal pathogens. The demands of these functions 
are compensated by its remarkable capacity for cell renewal, where the turnover rate for the 
entire epithelial population is approximately 60 hours (Cheng & Bjerknes, 1983).   
 
The intestinal tract is divided in the small and large intestine. The small intestine comprises 
the duodenum, jejunum and ileum. The large intestine consists of the cecum, colon, rectum 
and the anal canal. The human colon is divided into different sections (i.e. ascending, 
transverse and descending colon) with the presence of taenia coli and compartmentalization 
in haustra, which are absent in the mouse colon. 
 
The intestinal tract can be divided into four concentric layers. The mucosa in the innermost 
layer and is composed by the epithelium (columnar simple), the lamina propria (a layer of 
connective tissue) and the muscularis mucosae (a thin layer of smooth muscle). The lamina 
propria besides having numerous blood and lymphatic vessels and collagen has 
lymphocytes and plasma cells. These cells form part of the defense mechanisms against 
invading pathogens along with intra-epithelial lymphocytes and lymphoid aggregates that are 
found in the lamina propria and submucosa. The submucosa consists of a dense layer of 
connective tissue with blood and lymphatic vessels and the Meissner’s nervous plexus. The 
muscularis externa has an inner circular layer and a longitudinal outer layer of smooth 
muscle. Between the two muscle layers we find the myenteric or Auerbach’s plexus. The 
adventitia or serosa is the outermost layer and consists of several layers of connective tissue 
(Fig. 1). However, certain regions of the intestine have some exclusive characteristics. For 
example, the duodenum has Brünner glands in the submucosa and the ileum has lymphatic 
























To increase the absorptive surface area, the small intestine has finger-like projections into 
the intestinal lumen called villi. Furthermore each villus has many microvilli, which are 
enterocyte membrane protrusions that form the brush border. The villi contain terminally 
differentiated cells connected to the crypts of Lieberkühn. These are finger-like invaginations 
into the underlying connective tissue that harbor the proliferative compartment. The large 
intestine instead of villi has a flat surface epithelium. The crypt epithelium cycles 
asynchronously, and new crypts arise through bifurcation (crypt fission) during adult life as 
the intestinal tract continues to grow (Totafurno, Bjerknes, & Cheng, 1987). Stem cell 
numbers have been estimated to be 4-6 per crypt in the adult (Marshman, Booth, & Potten, 
2002; Potten, 1998). However their precise location within the crypts is unclear. The 
consensus is that in the large intestine stem cells reside at the bottom of the crypts, while for 
the small intestine there is a unifying theory based on the +4 model and stem cell zone 
model (Bach, Renehan, & Potten, 2000; Bjerknes & Cheng, 1999; Booth & Potten, 2000) 
(Bach et al., 2000; Booth & Potten, 2000; Stappenbeck, Mills, & Gordon, 2003; W. M. Wong 
& Wright, 1999). This theory indicates that are two distinct stem cell pools. One is the 
columnar base cells (CBCs) (Cheng & Leblond, 1974) with a high turnover, expressing the 
leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) (Barker et al., 2007). The 
other is a quiescent label retaining population located 4 cells above the Paneth cells, 
expressing B lymphoma Mo-MLV insertion region 1 homolog (Bmi1) (Potten, Owen, & Booth, 
2002; Sangiorgi & Capecchi, 2008). These two distinct stem cell populations act 
cooperatively to support normal physiologic cell replenishment and tissue repair (L. Li & 
Clevers, 2010). However, +4 cells are also labeled with Lgr5 lineage markers (Snippert et al., 
2010), suggesting that both lineages are derived from CBCs. Additionally, it seems that the 
immediate descendants of stem cells located up to position 7 could be recruited to become 
new stem cells after injury (Marshman et al., 2002; Potten, 1998) Crypt stem cells have 
symmetric and asymmetric division. Thus, they self-renew throughout life and generate a 
transient population of progenitor cells called the transit-amplifying cells. After several rounds 
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of division, these cells differentiate into absorptive cells or enterocytes/colonocytes and 
secretory cells. The absorptive cells are involved in nutrient uptake and secretion of 
hydrolases and constitute the majority of cells in the intestinal epithelium. Secretory cells 
consist of the mucus-producing goblet cells, the hormone-producing enteroendocrine cells, 
the opioids and cyclooxygenase enzymes-secreting tuft cells and the antimicrobial lysozyme 
and defensins-producing Paneth cells. The epithelium contains also other cell types with 
poorly defined functions named cup cells and Peyer’s patch-associated M (or microfold) cells 
(Potten, 1998) (Fig. 2).  
 
Figure 2 - Model for the differentiation of the intestinal epithelial cell types. In (Gerbe 












Excluding Paneth cells, the differentiated cells are located in the top of the intestinal 
epithelium and have an average life span of less than a week. Then they undergo apoptosis 
and are shed into the intestinal lumen, a process called exfoliation. Paneth cells migrate into 
the crypt bottom, where they reside for about 20 days before being phagocytized. These 
cells are only present in the small intestine (Porter, Bevins, Ghosh, & Ganz, 2002). Besides 
secreting bactericidal substances, Paneth cells also produce large amounts of factors, such 
as epidermal growth factor (EGF), transforming growth factor α (TGF-α) and Wnt3, and they 
express the Notch ligand Dll4 (Sato et al., 2011). In vitro studies indicated that these cells 
seem important for Lgr5+ stem cell renewal (Sato et al., 2011). Whether this occurs in vivo is 
currently under debate. As they are absent in the colon, CD24+ cells adjacent to Lgr5+ stem 
cells may function similarly to the Paneth cell niche in this region (Sato et al., 2011). 
 
Epithelial homeostasis is ensured through three mechanisms. First, cells are being 
continuously shed at the tip of the epithelium to counterbalance the crypt cell production 
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(Potten, 1998). Second, the cells in the intestinal epithelium are continuously moving 
upwards with a transit time of approximately 5 days, excluding the Paneth and stem cells. 
And third, there are two distinct proliferative and differentiated compartments (Hermiston, 
Wong, & Gordon, 1996). Coordination between cell renewal, transit amplification, terminal 
differentiation, and apoptosis requires a precise interplay among several signaling pathways. 
In addition, the regulation to maintain this balance is highly flexible and dynamic, as 
proliferation of precursor cells is accelerated in response to injury (Buczacki et al., 2013; Tian 
et al., 2011).  
 
3.2 Signaling pathways in intestinal development and CRC 
Some developmental signaling pathways, such as Wnt, Notch, TGF-β/Bone morphogenic 
protein and Hedgehog, play a critical role tightly regulating and controlling the 
differentiation and homeostasis of the intestine. Moreover, the same pathways appear to 
be deregulated in several hereditary and sporadic CRCs (Radtke, Clevers, & Riccio, 
2006). Other important pathways implicated in CRC development are EGFR (Krasinskas, 
2011) and VEGF/VEGFR signalings (Mihalache & Rogoveanu, 2014). 
 
3.2.1 Wnt signaling 
There are about 20 different secreted Wnt proteins, which bind to about 10 different 
Frizzled receptors. In the absence of Wnt signals, β-catenin is retained in a multi-protein 
complex including APC, the scaffold protein axin, casein kinase-1 and glycogen synthase 
kinase-3β (GSK3β), where it is phosphorylated and subsequently degraded (Huelsken & 
Birchmeier, 2001). Transduction of canonical Wnt signals results in nuclear translocation of 
β-catenin, which interacts with the transcription factors Lymphoid enhancer-binding factor 
1 (LEF1)/T-cell factor (TCF) resulting in activation of target genes (de Lau, Barker, & 
Clevers, 2007). Wnt signaling plays multiple roles during gut homeostasis. It is considered 
the gatekeeper for crypt progenitor cells by controlling the progenitor gene expression 
program. It is also necessary for differentiation of the secretory cell lineages and 
separation of proliferating undifferentiated and post-mitotic differentiated cells (Pinto, 
Gregorieff, Begthel, & Clevers, 2003). This gradient of β-catenin-TCF activity imposes 
restrictions on the migratory behavior of the intestinal epithelial cells by establishing the 
expression of EphB2/3 receptors and their Ephrin-B1/2 ligands inversely along the 
crypt/villus axis. Additionally, this is also responsible for the positioning of Paneth cells 
near the base of the crypts (Batlle et al., 2002). Additionally, Wnt signaling also regulates 
these cells maturation, as a substantial number of TCF4 target genes are typical Paneth 
cell markers such as defensins and peptidoglycan recognition proteins (van Es, Jay, et al., 
2005). β-catenin has an additional role as a component of adherent junctions as it binds to 
the cytoplasmic tail of Cadherin proteins, thereby linking them to the cytoskeleton of 
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epithelial cells. The mechanisms controlling whether β-catenin joins the signaling pool or is 
part of adherens junctions is currently unknown (Nelson & Nusse, 2004).  
Most sporadic CRCs show bi-allelic inactivation of the APC gene. A high percentage of 
remaining tumors show activating mutations in β-catenin or axin (Giles, van Es, & Clevers, 
2003; Huelsken & Birchmeier, 2001; Polakis, 2000). These phenomena lead to increased 
nuclear translocation of β-catenin and constitutive signaling (Sansom, 2004) and this 
seems to occur early during CRC development (Bienz & Clevers, 2000). Gene expression 
profile analysis of CRC tumor cells revealed a set of about 100 β-catenin/TCF target genes 
(van de Wetering et al., 2002). These molecules are consistently expressed in dysplastic 
crypts and adenomas and also in normal intestinal progenitors cells at the bottom of the 
crypts (van de Wetering et al., 2002). Therefore it seems that adenoma cells represent the 
transformed counterpart of crypt cells (van de Wetering et al., 2002). Additionally, these 
target genes, such as c-myc (He et al., 1998), cyclin D1 (Tetsu & McCormick, 1999) and 
matrix metalloproteinase matrilysin (Brabletz, Jung, Dag, Hlubek, & Kirchner, 1999; 
Crawford et al., 1999), are responsible for tumor proliferation and malignant progression.  
 
3.2.2 Notch signaling 
The Notch signaling is a highly conserved evolutionary regulatory pathway. The 
denomination has its origin in the discovery of notches at the margin of wing blades of fruit 
flies (Drosophila melanogaster) with partial Notch gene loss of function (Moohr, 1919; 
Morgan, 1917). Notch signaling regulates numerous cell processes, such as proliferation, 
apoptosis, fate decisions and differentiation, during both fetal and postnatal development 
(Artavanis-Tsakonas, Rand, & Lake, 1999). Mammals possess four receptors (Notch1-4) 
(Gridley, 1997), and five ligands: Jagged1 and Jagged2 (homologues of Serrate) and 
Delta-like1, 3 and 4 (homologues of Delta) (Artavanis-Tsakonas et al., 1999). The Notch 
receptors and their ligands are single-pass transmembrane protein molecules with large 
extracellular domains that basically consist of epidermal growth factor (EGF)-like repeats 
(Bray, 2006). Notch signaling is initiated by ligand binding to the extracellular domain of 
Notch receptors, triggering proteolytic cleavages within the receptor. This is first mediated 
by ADAM-family metalloproteases and next by γ-secretase activity (Bray, 2006). The 
liberated Notch intracellular domain (NICD) then translocates to the nucleus and binds the 
transcription factor recombination signal binding protein for immunoglobulin kappa J region 
(RBP-jκ), converting it from a transcriptional repressor into a transcriptional activator by 
displacing corepressor complexes (Hsieh, Zhou, Chen, Young, & Hayward, 1999; Jeffries, 
Robbins, & Capobianco, 2002; Zhou et al., 2000) and recruiting coactivators (Jeffries et al., 
2002; L. Wu et al., 2000) (Fig. 3). The most studied Notch target genes are the basic helix-
loop-helix (bHLH) transcription factors of the hairy and enhancer of split (HES) family and 
HES-related repressor proteins (HERP, HESR, HRT or HEY) (A. Fischer & Gessler, 2007; 
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Iso et al., 2001; Ohtsuka et al., 1999). Canonically, these proteins inhibit the expression of 
target genes by forming complexes with co-repressors (A. Fischer & Gessler, 2007).  
Recent studies indicated that Notch exerts biological functions also non-canonically, by 
enhancing NF-κB activity (Shin et al., 2006) and post-translationally targeting Wnt/beta-
catenin signaling (Andersen, Uosaki, Shenje, & Kwon, 2012). Additionally, Notch signaling 
without direct cell contact has also been reported (Lu et al., 2013; Sheldon et al., 2010). 
 
















3.2.2.1 Notch in intestinal homeostasis 
Notch receptors, ligands, and canonical target genes are expressed in the embryonic and 
adult intestine. Studies indicated that Notch1 is expressed in the crypt epithelium, in a few 
differentiated villus epithelial cells, and in the endothelium. Notch2 is only expressed in 
scattered cells within the crypt epithelium of the small intestine and in smooth muscle cells. 
Notch3 and Notch4 expression is restricted to the endothelium and the mesenchyme. 
Notch ligands Jagged1 and Jagged2 follow mostly the expression pattern of Notch1 in the 
epithelium and of Notch2 in the smooth muscle (Sander & Powell, 2004; Schroder & 
Gossler, 2002). Dll1 and Dll4 are both expressed in the crypt epithelium and in goblet cells 
and Dll4 is also in the endothelium (Benedito & Duarte, 2005; Schroder & Gossler, 2002) 
and in Paneth cells (Sato et al., 2011). N1ICD and Hes1, 5, 6, and 7 are detected in the 
crypt epithelium (Schroder & Gossler, 2002; Vooijs et al., 2007). Additionally, the 
expression of Hes1 is coincident with Ki-67 labeling of proliferating cells (Kayahara et al., 
2003). Hes5 is also expressed in the villus epithelium (Schroder & Gossler, 2002). This 
wide expression pattern suggests that Notch signaling may play multiple roles in the 
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intestine. The first direct genetic evidence showing an essential role of Notch signaling for 
the gut homeostasis was derived from inducible tissue specific inactivation of RBP-jκ. 
Notch pathway appears to synergize with Wnt signaling as gatekeepers of self-renewal in 
the intestinal epithelium (Fre et al., 2009). Studies of Notch 1 and 2 loss- and gain-of-
function and toxicology studies of γ-secretase inhibitors (GSIs) suggested that Notch 1 and 
2 are redundant and essential for the maintenance of intestinal progenitor/stem cell 
compartment by repressing of the cyclin-dependent kinase inhibitors 1B and 1C. They also 
showed that Notch has an additional role suppressing secretory fate when transit-
amplifying cells differentiate (Fre et al., 2005; Milano et al., 2004; Riccio et al., 2008; 
Stanger, Datar, Murtaugh, & Melton, 2005; van Es, van Gijn, et al., 2005; VanDussen et 
al., 2012; Vooijs et al., 2007; G. T. Wong et al., 2004) (Fig. 4).  
 
















Interestingly, ectopic expression of N1ICD in intestinal crypts is characterized by Hes1 (but 
not Hes5) up-regulation and suppression of Atoh1 and Neurogenin3 (Ngn-3) in the cycling 
progenitors cells (Fre et al., 2005; Stanger et al., 2005). Atoh1 is required for the 
differentiation of secretory cell lineages and is transcriptionally repressed by Hes1 in the 
intestine (Yang, Bermingham, Finegold, & Zoghbi, 2001). In addition, Hes1 seems to 
repress the goblet cell fate driver Krüppel-like factor 4 (KLF4) upstream and downstream 
of Atoh1 (Ghaleb, Aggarwal, Bialkowska, Nandan, & Yang, 2008; Kim & Shivdasani, 
2011). However, it seems that KLF4 acts downstream of Atoh1 and probably in a 
redundant manner (van Es, de Geest, van de Born, Clevers, & Hassan, 2010). Therefore 
Notch-mediated Hes1 expression regulates a binary cell fate decision of intestinal 
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progenitors that have to choose between absorptive or secretory cell fates. Additionally, it 
may also control the binary cell fate decision that occurs within secretory cell lineages that 
specifies enteroendocrine versus mucus secreting cells, which is regulated by Ngn-3 
(Jenny et al., 2002). In post-mitotic villus epithelial cells N1ICD overexpression is 
accompanied by elevated expression of Hes5 (but not Hes1) and leads to increased goblet 
cell numbers with other secretory cell types unaffected (Zecchini, Domaschenz, Winton, & 
Jones, 2005). Thus, Notch may induce goblet cell fate through Hes5 in a Hes1-Atoh1–
independent manner in post-mitotic precursors. Additionally, Notch may also affect Paneth 
cell localization directly by inducing the expression of Ephrin-B1 and indirectly by down-
regulating EphB3 through β-catenin/TCF4 inactivation (Batlle et al., 2002; Koo et al., 2009) 
There is significant crosstalk between Notch and Wnt signaling during intestinal 
homeostasis, as these two pathways interact through GSK3β (Espinosa, Ingles-Esteve, 
Aguilera, & Bigas, 2003; Koo et al., 2009). Furthermore, Notch ligands are transcriptionally 
regulated by Wnt-β-catenin through multiple TCF/LEF1 binding sites in their promoters 
(Galceran, Sustmann, Hsu, Folberth, & Grosschedl, 2004; Hofmann et al., 2004; Rodilla et 
al., 2009). As Wnt signaling is important for Paneth cells maintenance (van Es, Jay, et al., 
2005), this pathway may drive Dll4 expression. Additional regulation of Notch pathway by 
Wnt may be through direct transcriptional regulation of the Wnt target gene Musashi 
expressed in CBCs (Kayahara et al., 2003). It seems that Wnt signaling is more important 
in controlling proliferation while Notch pathway has a more important role in suppressing 
cell fate during development (Fre et al., 2009).  
Genetic loss of Dll1, but not of Dll4 or Jag1, causes increased goblet cell numbers in the 
adult intestine, suggesting that Dll1 is the most important Notch ligand in the crypt. 
Nevertheless, simultaneous inactivation of Dll4, but not Jagged1, with Dll1 leads to 
enhanced goblet cell metaplasia and proliferative arrest (Pellegrinet et al., 2011). This 
suggests that Dll4 can compensate for Dll1 loss whereas Jagged1 is not signaling in the 
niche. It seems that differentiated Dll-expressing committed secretory cells signal back to 
Notch-expressing progenitors to control cell number and fate, analogous to the possible 
Paneth-CBC interaction in the crypt. 
 
3.2.2.2 Notch in CRC 
Sporadic CRC usually develops from certain precancerous conditions such as colorectal 
adenomatous polyps and inflammatory bowel disease (IBD). Increased Notch signaling 
may be linked to the increased susceptibility of CRC development in these precancerous 
conditions (Fre et al., 2009; Gersemann et al., 2009; Okamoto et al., 2009; Rodilla et al., 
2009; van Es, van Gijn, et al., 2005).  
Studies have shown that Notch receptors, ligands and some target genes are expressed in 
adenomas from ApcMin/+ mice (van Es, van Gijn, et al., 2005), in colorectal cancer cell lines 
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and primary carcinomas (Fernandez-Majada et al., 2007; Guilmeau, Flandez, Mariadason, 
& Augenlicht, 2010; Jubb et al., 2009; Peignon et al., 2011; Rodilla et al., 2009). A report 
indicated that Notch1 and Hes1 showed progressively increased expression from normal 
colonic mucosa to primary and metastastic colon cancer (Meng et al., 2009). However, 
other studies reported that Hes1 expression is reduced in colon carcinomas and 
corresponding metastases compared with adenomas (Fre et al., 2009; Veenendaal et al., 
2008).  Interestingly, high Notch1 expression is associated with poor survival, whereas 
high Notch2 expression is associated with better survival (Chu et al., 2011; Zecchini et al., 
2005). Other authors found no significant difference in survival between Hes1-expressing 
tumors and non-expressing tumors (Reedijk et al., 2008). 
Lineage tracing in ApcMin/+ mice has shown that the tumor-initiating cells in Apc-/- 
adenomas arise from Notch1 marked clones (Vooijs et al., 2007). Accordingly, in vitro 
experiments showed that Notch activation is important for expansion of tumor-initiating 
cells from CRC specimens (Sikandar et al., 2010). Notch pathway blockade through 
gamma secretase inhibitors (GSIs) and targeting Jagged1 significantly inhibited the 
formation of intestinal adenoma in ApcMin/+ mice and suppressed growth in colon cancer 
cell lines (Dai et al., 2014; Ghaleb et al., 2008; Rodilla et al., 2009; Zheng et al., 2009). 
Additionally, Notch inhibition induced re-differentiation of colonic adenoma cells into 
secretory cells (van Es, van Gijn, et al., 2005). Thus, Notch activation may be an essential 
initial event triggering CRC and may function as an oncogene (Qiao & Wong, 2009).  
During colorectal carcinogenesis Notch interacts with numerous pathways, including Wnt 
(Qiao & Wong, 2009). Activation of the Notch and the Wnt pathways occurs 
simultaneously in proliferating adenomas, as in intestinal crypts. However, GSI treatment 
of adenomas induces secretory cell differentiation and reduces proliferation, despite the 
fact that Wnt signaling remains active (van Es, van Gijn, et al., 2005). Nevertheless, a 
study revealed that the Notch ligand Jagged1 is a direct target of Wnt signaling (Rodilla et 
al., 2009). However, not all tumors with elevated Wnt signaling display elevated Jagged1 
(Guilmeau et al., 2010). 
In addition, the receptors Notch1 and 4 and the ligands Jagged1, Dll1, and Dll4 are 
expressed by vascular endothelial cells and are involved in sprouting angiogenesis 
promoting tumor growth (Kerbel, 2008).  
Notch signaling may also affect the later stages of CRC. Indeed, Sonoshita et al. reported 
that the Notch inhibitor amino terminal enhancer of split (AES) gene is downregulated in 
human colon liver metastases and in the invasive front of primary tumors (Sonoshita et al., 
2011). Furthermore, genetic depletion of this gene in Apc mutant mice caused marked 
tumor invasion and intravasation that were suppressed by Notch signaling inhibition 
(Sonoshita et al., 2011). 
Additionally, activation of Notch signaling may also contribute to the development of CRC   
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treatment resistance (Akiyoshi et al., 2008; Meng et al., 2009). 
Consequently, inactivation of Notch signaling may be used to treat CRC and may involve 
several mechanisms of action, such as inhibition of cell proliferation associated genes (c-
Myc, cyclin-D1), Phosphoinositide 3-kinase (PI3K)/ protein kinase B (AKT), EGF/EGFR, 
NF-κB and TGF-β pathways, anti-apoptotic genes, angiogenesis and CSCs (Qiao & Wong, 
2009). Although much is known, anti-cancer Notch-based effective therapies, such as 
Notch receptors and ligands specific antibodies, decoys, GSIs and blocking peptides, are 
still in development and being tested in preclinical and clinical trials. GSIs have been the 
most broadly developed, but they lack specificity and are associated to gastrointestinal 
side effects and low response rates (Previs, Coleman, Harris, & Sood, 2015). More 
selective and potent inhibitors and selected combinations with chemotherapy or other 
biologically targeted drugs are being pursued. 
 
3.2.2.3 Notch during chronic inflammation 
In more recent years, investigators found increasing evidence that Notch plays important 
roles during T cell-mediated immune responses, in particular for the regulation of CD4+ T 
helper (Th) cell differentiation. Th1 cells are activated by IL-12 secreted by the antigen-
presenting cells (APCs) and produce the classical proinflammatory cytokines interferon 
(IFN)-γ and tumor necrosis factor (TNF)-α, and IL-2. Th1 response is responsible for killing 
intracellular parasites by macrophages (by superoxide and nitric oxid secretion), activating 
cytotoxic lymphocytes and in excess they perpetuate autoimmune diseases (Mayer, 2010). 
Th2 cells produce IL-4, IL-5, IL-6 and IL-13, which promote IgE and eosinophilic responses 
in atopy, and also the anti-inflammatory IL-10 cytokine (Roda, Marocchi, Sartini, & Roda, 
2011). In excess, Th2 responses counteract the Th1 mediated microbicidal action. 
Therefore Th1 and Th2 subpopulations are mutually regulated to maintain a balanced 
immune response. Specifically, IFN-γ downregulates the Th2-mediated responses, while 
IL-4, IL-10, and IL-13 inhibit the Th1-mediated responses (Roda et al., 2011). There is a 
third Th subpopulation, the Th17 cells, which produce IL-17, IL-17F, IL-22, and IL-21. Th17 
cells promote the elimination of pathogens during host defense reactions and induce tissue 
inflammation during autoimmune diseases (Korn, Bettelli, Oukka, & Kuchroo, 2009). TGF-
β plus IL-6, IL-21, IL-23, STAT3 and RORγt, and α are involved in Th17 cells development. 
The Th17 lineage is in close relationship with CD4+CD25+FOXP3+ regulatory T cells 
(Tregs), as TGF-β also induces differentiation of naive T cells into Foxp3+ Tregs in the 
peripheral immune compartment (Korn et al., 2009). These cells have an important 
immunosuppressive role negatively regulating hyperactive T cell responses in peripheral 
tissues by the production of inhibitory cytokines such as IL-10 and TGF-β, suppression by 
cytolysis, suppression by metabolic disruption, and suppression by modulation of dendritic-
cell (DC) maturation or function (Sakaguchi, Wing, Onishi, Prieto-Martin, & Yamaguchi, 
 14 
2009; Vignali, Collison, & Workman, 2008). 
Within the immune system, Notch receptors are expressed on T cells and interact with the 
ligands expressed mainly on APCs (Amsen et al., 2004; Maillard, Fang, & Pear, 2005; E. 
Yamaguchi et al., 2002). Studies indicated that APCs driving a Th1 cell response show 
upregulation of Dll4 and/or Dll1 (Amsen et al., 2004; Skokos & Nussenzweig, 2007; Sun, 
Krawczyk, & Pearce, 2008), while upregulation of Jagged ligands occur during Th2 cell 
responses (Amsen et al., 2004; Krawczyk, Sun, & Pearce, 2008; Rutz et al., 2008; Skokos 
& Nussenzweig, 2007; Sun et al., 2008). Indeed, ectopic expression of Dll ligands on DCs 
promoted Th1 cell response and inhibited Th2 cell differentiation by interfering with IL-4 
receptor signaling, whereas Jagged ligands on APCs induced Th2 cell differentiation 
(Amsen et al., 2004; Krawczyk et al., 2008). Additionally, Dll4 expressing DCs induce IL-10 
production by Th1 cells in vitro and in vivo upon Toll-like receptor (TLR) stimulation (Rutz 
et al., 2008). Moreover, blocking Dll4/Notch signaling enhanced Th2 differentiation and 
cytokine production in Th2-mediated diseases (Fukushima et al., 2008; Jang, Schaller, 
Berlin, & Lukacs, 2010). Studies indicated that Notch3, rather than Notch1, may be 
implicated in Dll-induced Th1 cell differentiation, through regulation of protein kinase C 
theta (Jurynczyk, Jurewicz, Raine, & Selmaj, 2008; Maekawa et al., 2003; Minter et al., 
2005; Tacchini-Cottier, Allenbach, Otten, & Radtke, 2004). However, Notch1 signaling with 
Dll4 seems to be the main mediator of the Th1 cell response during graft-versus-host-
disease (Tran et al., 2013) and to upregulate the Th1 IFN-γ cytokine in peripheral T cells 
through NF-kB activation (Shin et al., 2006). Additionally, Notch may also mediate Th1 
differentiation through transcriptionally regulating the expression of the transcription factor 
T-bet (Minter et al., 2005). However, genetic loss-of-function experiments indicated that 
Notch signaling is dispensable for Th1 cell differentiation, but essential for the 
development of Th2 cell immune responses in physiological settings such as parasite 
infection (Amsen et al., 2007). Additionally, the Th2 promoters Il4 and Gata3 were 
identified as two direct Notch target genes (Amsen et al., 2007; Amsen et al., 2004; Fang 
et al., 2007; S. Tanaka et al., 2006). Moreover, GATA3 may help to render the Il4 
enhancer accessible to Notch (Fang et al., 2007). Furthermore, Dll4-expressing DCs, 
when activated with TLR ligands or Mycobacterium antigens, can also promote the 
generation of Th17 cells through activation of the specific transcription factor RORγt (Ito et 
al., 2009; Mukherjee, Schaller, Neupane, Kunkel, & Lukacs, 2009). In autoimmune 
diseases GSI-mediated inhibition and anti-Dll4 therapy ameliorated the disease by 
suppressing Th1 and Th17 cell responses (Bassil et al., 2011; Jiao et al., 2014; Minter et 
al., 2005; Mukherjee et al., 2009; Takeichi et al., 2010). Additionally, inhibition of Dll4 
alleviated experimental autoimmune encephalomyelitis (EAE) by promoting Treg 
development through downregulation of JAK3/STAT5 pathway (Bassil et al., 2011). 
Inhibition of Dll1 also attenuated EAE by decreasing the frequencies of Th1 and Th2 
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effector cells while inhibition of Jagged1 exacerbated this disease (Elyaman et al., 2007). 
However, inhibition of both ligands had no effect on frequencies of Th17 and Treg cells 
(Elyaman et al., 2007). Therefore this data suggests that Dll ligands on DCs seem to 
promote pathogenic Th1 and Th17 cells, whereas Jagged ligands might suppress 
autoimmunity. Additionally, Notch may suppress autoimmunity through its influence on 
Treg cells as Notch ligands (mostly Jagged) and overexpression of N3ICD positively 
enhance Treg cell differentiation and function (Anastasi et al., 2003; Campese et al., 2009; 
Kared et al., 2006; Vigouroux et al., 2003). Specifically, Notch may regulate Treg cells by 
cooperating with TGF-β signaling components (P-Smad3) to activate FOXP3 expression 
(Samon et al., 2008).  
In addition, DLL4 and all Notch receptors are expressed and functional in macrophages 
and Dll4/Notch signaling inhibition seems to reduce atherosclerotic inflammation through 
decreased macrophage accumulation, diminished expression of monocyte 
chemoattractant protein-1 (MCP-1) and lower levels of NF-κB activation (Fukuda et al., 
2012; Fung et al., 2007). A concept is emerging that macrophages can be polarized to 
favor inflammation (M1) or to suppress inflammation (M2). M1 macrophages are induced 
in response to lipopolysaccharides (LPS) and IFN-γ and produce inducible nitric oxide 
synthase (iNOS), TNF-α, IL-1, IL-6, and IL-12 (Y. C. Liu, Zou, Chai, & Yao, 2014). M2 
macrophages express arginase-1 and mannose receptor and are induced in response to 
IL-4, IL-10 and IL-13. This type of macrophages also stimulates cell proliferation, collagen 
production, angiogenesis, tissue remodeling and tumor progression (El Kaffas et al., 
2014). Dll4 seems to have a role skewing macrophages towards a pro-inflammatory 
phenotype (M1) (Fukuda et al., 2012). 
 
3.2.2.4 Delta-like 4 
Delta-like 4 is one of the Notch pathway ligands in mammals (Krebs et al., 2004). Binding 
studies and in vitro signal transduction studies indicate that DLL4 is readily able to signal 
through all Notch receptors, which is even complicated by the potential compensatory 
action of other Notch ligands. LacZ reporter studies in developing mouse embryos have 
revealed Dll4 expression in the vascular, nervous, gastrointestinal and urinary system and 
in the thymus (Benedito & Duarte, 2005). 
Genetic studies indicated that Dll4 haploinsufficiency and overexpression result in 
embryonic lethality due to vascular defects (Duarte, 2004; Gale, 2004; Krebs et al., 2004; 
A. Trindade et al., 2008). Thus, Dll4 seems to be a crucial regulator of the angiogenic 
process. Further studies indicated that DLL4, through Notch1 and 4, appears to play key 
roles regulating ECs and bone marrow-derived EC progenitors during physiological and 
tumor angiogenesis (Dufraine, Funahashi, & Kitajewski, 2008; Real et al., 2011). DLL4-
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Notch signaling takes part of a negative feedback loop in the angiogenic process (Lobov et 
al., 2007). VEGF induces the expression of DLL4 and Notch1 (Patel et al., 2005; Ridgway 
et al., 2006), while DLL4-Notch signaling inhibits the VEGF pathway by decreasing 
VEGFR2 and increasing VEGFR1 expression (Harrington et al., 2008; Patel et al., 2005; 
Ridgway et al., 2006; Williams et al., 2006). Normally, DLL4-Notch signaling restricts the 
numbers of tip cells in response to VEGF. Therefore, inhibition of DLL4 leads to increased 
tip cell formation and reduced numbers of stalk cells in angiogenic regions (Hellström et 
al., 2007). The effect of DLL4 on sprouting angiogenesis is also mediated through 
regulation of matrix metalloproteinase expression (Funahashi et al., 2011). In addition, Dll4 
expression is induced by hypoxia, presenting a tendency to correlate with VEGF levels 
(Mailhos et al., 2001; Patel et al., 2006). Dll4 is highly expressed in the tumor microvessels 
and small arteries while poorly detectable in venules and larger tumor vessels and in the 
adjacent normal tissue vessels (Gale, 2004). Studies indicated that inhibition of Dll4/Notch 
represses the tumor growth by promoting dysfunctional and immature tumor angiogenesis 
in a variety of xenograft and autochthonous models (Djokovic et al., 2010; Noguera-Troise 
et al., 2006; Ridgway et al., 2006; Scehnet et al., 2007).  Tumors responsive to anti-Dll4 
therapy include those that are resistant to inhibition with anti-VEGF, highlighting the 
potential utility of this approach (J. L. Li et al., 2011). However, in rodents Dll4 inhibition or 
loss of function has been associated with certain adverse events including vascular 
hyperproliferation in the liver and non-malignant vascular neoplasms (Djokovic et al., 2010; 
Minhong Yan et al., 2010). At least three anti-DLL4 antibodies have entered clinical testing 
(OMP-21M18 from OncoMed, REGN421 from Regeneron and MEDI0639 from 
MedImmune) to treat several types of cancer, including CRC. To date there have not been 
reported incidents of either liver toxicity or vascular neoplasms in these clinical programs. 
Ongoing clinical studies will determine if these anti-DLL4 agents can be developed into 
effective therapeutics.  
In the gastrointestinal tract Dll4 seems to have redundant functions with Dll1 during 
intestinal development and maintaining homeostasis (Pellegrinet et al., 2011).  In CRC, 
inhibition of DLL4 was shown to have synergistic activity with various chemotherapeutic 
agents in reducing tumor volume and cancer stem cells (CSCs) frequency in xenografts 
(Hoey et al., 2009). Additionally, it up-regulates markers of more differentiated colon cells 
(as ATOH1 and Chromogranin A) (Hoey et al., 2009). Therefore, as CSCs are frequently 
resistant to conventional cancer treatments including chemotherapy, the promotion of 
differentiation by Dll4/Notch pathway inhibition may sensitize tumor cells to 
chemotherapeutic drugs. Accumulating evidence has shown that CSCs depend on a 
functional angiogenesis (Zhao et al., 2011). Thus, Dll4/Notch signaling may have an effect 
on these cells by regulating the tumor angiogenesis. However, a study using a xenograft 
model indicated that this pathway could have a direct role on these cells (Hoey et al., 
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2009). More recent studies indicated that anti-DLL4 therapy is also active in colorectal 
tumors xenografts harboring KRAS mutations, which are unresponsive to anti-EGFR 
therapy (M. Fischer et al., 2010). Additionally, another work indicated that anti-Dll4 therapy 
associated with radiotherapy and ultrasound-stimulated microbubble impaired colorectal 
tumor xenograft growth (El Kaffas et al., 2014; S. K. Liu et al., 2011). Therefore, in CRC 
the association of anti-Dll4/Notch therapy with standard therapy seems beneficial, even 
when KRAS mutations are present, and may function through various mechanisms of 
action. 
 
3.2.3 TGF-β pathway 
TGF-β ligand initiates signaling by binding to and bringing together type I and type II 
receptor serine/threonine kinases on the cell surface. This allows receptor II to 
phosphorylate the receptor I kinase domain, which then propagates the signal through 
phosphorylation of the Smad proteins (Shi & Massague, 2003). 
Deregulation of TGF-β signaling, which is generally considered a tumor-suppressor 
pathway in the colon, occurs in the majority of colorectal cancers (Chittenden et al., 2008) 
Inactivating mutations have been observed in receptor genes (TGFBR2 and TGFBR1), 
post-receptor signaling pathway genes (SMAD2, SMAD4), and TGF-β superfamily 
members (ACVR2) (Deacu et al., 2004; Eppert et al., 1996; Grady & Carethers, 2008; 
Grady et al., 1999). 
 
3.2.4 EGFR signaling 
EGFR is a transmembrane tyrosine kinase receptor that belongs to the ErbB family. In 
addition to EGFR (also known as HER1 and ErbB-1), other receptors in this family include 
HER2/c-neu (ErbB-2), HER3 (ErbB-3), and HER4 (ErbB-4). Several ligands can bind the 
ErbB family of receptors, including EGF and TGF-α (Hynes & Lane, 2005). Ligand binding 
induces dimerization of the receptor with formation of homodimers and heterodimers, 
which leads to the activation of tyrosine kinase. The intracellular tyrosine kinase residues 
then become autophosphorylated, inducing activation of multiple signal transduction 
pathways, such as the mitogen-activated protein kinase (MAPK) and the PI3K/AKT. These 
pathways lead to the activation of transcription factors that regulate cell proliferation, 
migration, differentiation and apoptosis (Citri & Yarden, 2006). 
EGFR is overexpressed in 70-80% of CRCs. There are contradictory results regarding the 
association of EGFR overexpression with tumor grade and prognosis (Goldstein & Armin, 
2001; McKay et al., 2002; Resnick, Routhier, Konkin, Sabo, & Pricolo, 2004; Spano et al., 
2005). EGFR mutations are uncommon in CRC (Barber, Vogelstein, Kinzler, & Velculescu, 
2004; J. W. Lee et al., 2005) and some studies indicated that EGFR gene amplification is 
also rare (Shia et al., 2005; Spindler et al., 2006), while others observed it frequently 
 18 
(Cappuzzo et al., 2008). In addition, activation of EGFR downstream effectors through 
mutations in KRAS (in 30-50% of CRCs), BRAF (in 5-10% of CRCs) and 
phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha (PIK3CA), 
inactivation of phosphatase and tensin homolog (PTEN) and activation of AKT can lead to 
tumor formation and progression (Krasinskas, 2011). Most of these alterations are 
predictive markers of resistance to EGFR-targeted therapy (Bardelli & Siena, 2010). This 
therapy can be based on inhibition of EGFR extracellular domain, of the RAS-RAF-MEK-
ERK pathway or the PI3-AKT-mTOR pathway (Merla & Goel, 2012). 
 
3.2.5 VEGF/VEGFR signaling 
VEGF or VEGFA is a protein secreted by a wide variety of cells, including tumor cells. It 
was originally described as an inducer of vascular leakage (and then was named vascular 
permeability factor) (Dvorak, Brown, Detmar, & Dvorak, 1995; Ferrara, Houck, Jakeman, & 
Leung, 1992; Neufeld, Cohen, Gengrinovitch, & Poltorak, 1999; Plouet, Schilling, & 
Gospodarowicz, 1989). VEGFA is a member of a family of potent angiogenesis and/or 
lymphangiogenesis positive regulators that also includes VEGFB, VEGFC, VEGFD, 
placental growth factor (PlGF), Orf virus’ VEGFE, and Trimeresurus flavoviridis (T. f.) 
svVEGFs (Ferrara, Gerber, & LeCouter, 2003; Junqueira de Azevedo, Farsky, Oliveira, & 
Ho, 2001; Lyttle, Fraser, Fleming, Mercer, & Robinson, 1994). There are three tyrosine 
kinase receptors, named Flt-1 (VEGFR1) (de Vries et al., 1992), KDR/Flk-1 (VEGFR2) 
(Klagsbrun, 1991) and Flt-4 (VEGFR3) (Pajusola et al., 1992), and the receptors 
Neuropilins (Soker, Takashima, Miao, Neufeld, & Klagsbrun, 1998). Binding of VEGFA to 
VEGFR2 leads to the activation of a cascade of downstream pathways that generates the 
main signals for sprouting angiogenesis (Shibuya, 2006). VEGFR1, however, has ten 
times higher affinity for the growth factor than VEGFR2, but very weak tyrosine kinase 
activity, serving as a VEGFA trapper (Shibuya, 2006).  
In 1971 Folkman advanced the hypothesis that tumor growth is angiogenesis-dependent 
(Folkman, 1971). It was established that the angiogenic activation (angiogenic switch) is 
essential for the growth of almost every solid tumors (Folkman & Hanahan, 1991) and for 
invasion and metastasis (Zetter, 1998). The angiogenic induction may occur as a response 
to increased tumoral hypoxia that promotes VEGF expression, directly expression of 
VEGF and other pro-angiogenic factors by tumor cells and by recruiting bone marrow-
derived endothelial progenitors (Dass, 2004). The formation of new blood vessels is 
controlled by pro- and anti-angiogenic factors, matrix-degrading proteases, and cell-
extracellular matrix interactions (Folkman, 1992; Khosravi Shahi & Fernandez Pineda, 
2008; Liekens, De Clercq, & Neyts, 2001; Sharma, Sharma, & Sarkar, 2005). VEGF is the 
predominant angiogenic factor in CRC and is associated with metastization and poor 
prognosis (Abdou, Aiad, Asaad, Abd El-Wahed, & Serag El-Dien, 2006; Ellis, 2003, 2004; 
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Ellis, Takahashi, Liu, & Shaheen, 2000; Takeda et al., 2000). Thus, inhibiting angiogenesis 
through VEGF/VEGFR inhibition is now regarded as an important approach in CRC 
treatment (Ferrarotto & Hoff, 2013). 
 
3.3 Colorectal cancer 
CRC is the third most common type of cancer with one million new cases diagnosed per 
year worldwide. About half a million people die of this disease per year (Jemal et al., 
2011). The World Health Organization estimates an increase of 77% in the number of 
newly diagnosed cases of CRC and an increase of 80% in deaths from CRC by 2030 
(Binefa, Rodriguez-Moranta, Teule, & Medina-Hayas, 2014; Karsa, Lignini, Patnick, 
Lambert, & Sauvaget, 2010). CRC is more frequent and causes more deaths in men than 
in women worldwide (Binefa et al., 2014). Is commonly regarded as a Western lifestyle 
disease and it is the second leading cause of cancer-related death in the Western world 
(Jemal et al., 2011). 
 
3.3.1 Etiology 
CRC is a very heterogeneous disease that is caused by the interaction of genetic and 
environmental factors (Binefa et al., 2014). 
The majority of CRCs are sporadic (70-80%), which begin with benign lesions and 
eventually lead to fully metastatic tumors (Fearon & Vogelstein, 1990). Patients develop 
this disease based on risk factors, such as diet low in fruit and vegetables and excessive 
red meat and saturated fat, alcohol intake, sedentary lifestyle, tobacco and being 
overweight (Gonzalez & Riboli, 2010). However, the main risk factor is age > 50 years 
(Amersi, Agustin, & Ko, 2005).  
Only a small proportion of cases are due to inherited forms, named autosomal dominant 
hereditary non-polyposis CRC (HNPCC) or Lynch syndrome (2%-5%), FAP (< 1%) and 
MYH-gene associated polyposis (MAP) (< 1%) (Farrington et al., 2005). An additional 
20%-25% of cases are associated with a hereditary component not well established and 
are known as familial CRC (Pinol et al., 2005). HNPCC is an autosomal dominant genetic 
condition caused by a germline mutation in one of several mismatch repair genes (MSH2, 
MLH1, MSH6, PMS1 and PMS2) that cause microsatellite instability in the genome (Yuan, 
Huang, & Zheng, 1999). This syndrome predisposes to multiple primary cancers, mainly 
CRC and endometrial cancer, without intestinal polyposis, that occur at the age of 40-45 
years (Jass, 1998). FAP syndrome is inherited in an autosomal dominant matter by a 
germline mutation in the tumor suppressor APC gene (Powell et al., 1993), which 
inactivation also occurs in a large percentage of sporadic CRC (Kinzler et al., 1991; 
Nakamura et al., 1992; Powell et al., 1993; Solomon et al., 1987). Patients with FAP 
develop large numbers of benign adenomatous polyps of the colorectal epithelium early in 
 20 
adulthood (Haggitt & Reid, 1986). Although adenomas are generally considered as benign, 
the large number of polyps prone to acquiring additional mutations confers FAP patients a 
100% chance of developing CRC by the age of 40 (Bisgaard, Fenger, Bulow, Niebuhr, & 
Mohr, 1994). MAP is an autosomal disorder caused by a biallelic germline mutation in the 
base-excision-repair (BER) gene MYH (Half, Bercovich, & Rozen, 2009). Patients will 
develop polyps/adenomas in the gastrointestinal tract, but no extra-intestinal 
manifestations are seen (Half et al., 2009). Patients have an 80% risk of developing CRC 
by the age of 40-60 years (Theodoratou et al., 2010). 
CRC can also be associated to chronic inflammation (colitis associated cancer or CAC) as 
a long-term complication of CD (Ekbom et al., 1990) and UC (Svartz & Ernberg, 1949), the 
two main forms of IBD. Though patients with IBD represent only a small fraction of CRC 
cases (1–2%), these patients are among those at greatest risk of developing this disease 
(Lakatos & Lakatos, 2008; Munkholm, 2003). However, UC patients have a higher risk of 
developing CAC than CD patients and these diseases are characterized by different 
immune responses. Specifically, UC is caused by an atypical Th2-mediated response 
(Roda et al., 2011), while CD is characterized by activation of Th1 and Th17 cells, where 
Th17 cell-derived IL-17 rather than Th1 cells may sustain inflammation and promote CAC 
(Rizzo, Pallone, Monteleone, & Fantini, 2011).  
 
3.3.2 CRC carcinogenesis 
The multistep process of carcinogenesis is characterized by the canonical phases of 
initiation, promotion, and progression. Vogelstein and colleagues were the first to describe 
a series of molecular events that turn normal mucosa first into hyperplastic epithelium, 
then into adenomatous polyps with dysplastic cells and then into malignant carcinoma with 
invasion of the basement membrane and metastasis (adenoma-carcinoma sequence) 
(Cho & Vogelstein, 1992; Kinzler & Vogelstein, 1996; Su et al., 1992; Vogelstein & Kinzler, 
2004) (Fig. 5).  
Although every adenoma has the capacity of malignant evolution, only few adenomas 
actually develop into invasive cancer (progressive adenomas), while the rest stabilizes or 
regress (Risio, 2010). The neoplastic transformation time is considered approximately 10-
15 years. Colorectal tumors arise as a result of activating mutations in oncogenes, coupled 
with loss-of-function alterations in tumor suppressor genes. Up to 7 genetic and 
histological alterations have been suggested to be required for the progression from 
adenoma to carcinoma (Kinzler & Vogelstein, 1996). Although some genetic alterations 
appear to occur in a preferential order, it is rather the total accumulation of genetic 
changes that seems to be critical (Rustgi, 1994). At least four kinds of genomic or 
epigenetic instability have been described in CRCs: chromosomal instability (CIN), 
microsatellite instability (MSI), CpG island methylator phenotype (CIMP), and global DNA 
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hypomethylation (Pritchard & Grady, 2011). CIN involves the accumulation of mutations 
that leads to oncogene activation (KRAS) and tumor suppressor gene inactivation (deleted 
in CRC (DCC), APC, SMAD4, p53) (Fearon & Vogelstein, 1990). MSI is caused by the 
accumulation of errors during DNA replication in repetitive DNA fragments (microsatellites) 
due to the presence of mutations in genes responsible for its repair (MSH2, MLH1, MSH6, 
PMS2, MLH3, MSH3, PMS1 and Exo1). CIMP includes aberrant hypermethylation, a 
mechanism to silence gene function, while a global decrease in methylation has also been 
identified in many CRCs and is tightly associated with CIN tumors (Pritchard & Grady, 
2011). Premalignant serrated polyps are associated with MSI and CIMP, whereas 
conventional adenomas arise via biallelic inactivation of the APC tumor-suppressor gene 
and display CIN (Noffsinger, 2009). Just as important as genomic and epigenomic 
instability for the pathogenesis of CRC is the accumulation of mutations in specific genes 
and the resulting deregulation of specific signaling pathways that control the hallmark 
behaviors of cancer: cell proliferation, differentiation, apoptosis, immortalization, 
angiogenesis, and invasion (Pritchard & Grady, 2011).  
 














In the adenoma-carcinoma sequence, the smallest identifiable lesion is an aberrant crypt 
focus (ACF). The aberrant crypt foci are characterized by crypts with altered luminal 
openings, thickened epithelia and being larger than the adjacent normal crypts (Bird & 
Good, 2000). The majority of malignant dysplastic ACF bears APC mutations, whereas 
non-malignant hyperplastic ACF are proposed to arise from activating mutations in KRAS 
(Nucci, Robinson, Longo, Campbell, & Hamilton, 1997). There are also dysplastic β-
catenin-accumulated crypts (BCAC). It is not clear whether BCAC represents a subgroup 
of ACF or can be clearly delineated as a separate entity (Y. Yamada et al., 2000).  
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Another frequent early event is the development of precancerous colorectal polyps, 
mucosal lesions that project into the lumen of the bowel. Experts estimate that about 85% 
of CRCs begin as precancerous polyps (Gopalappa, Aydogan-Cremaschi, Das, & Orcun, 
2011). The colorectal polyps can be histologically classified in neoplastic (adenomas), non-
neoplastic (hyperplastic, hamartomatous, or inflammatory) and premalignant serrated. In 
addition, polyps are generally described as being either sessile (flat) or pedunculated 
(having a stalk). Adenomatous polyps have different grades of dysplasia (abnormal 
differentiated phenotype) and are considered precursors for CRC. Histologically these 
polyps are either villous, tubular or tubulovillous. The risk of malignancy increases with the 
polyp size, the degree of villous component and if it is a flat adenoma (Shussman & 
Wexner, 2014). In addition, in patients with IBD we also can find a dysplasia-associated 
lesion or mass (DALM). The transition of a DALM to CRC is much faster than the classic 
adenoma-carcinoma sequence (Shussman & Wexner, 2014). 
In sporadic colorectal adenomas, the initiating event seems to be loss of heterozygosity 
(LOH) of the APC gene, followed by a second hit in the same gene. Additionally, both 
sporadic and FAP adenomas appear to start as unicryptal adenomas and grow initially by 
fission of the crypt. Later there is growth down into adjacent crypts.  (Preston et al., 2003). 
However, two models have been proposed. In the 'top-down' model, mutant cells appear in 
the intra-cryptal zone between crypt openings (Shih et al., 2001). There are two 
possibilities within this model. In one hand, mutant cells at the surface of the mucosa 
spread laterally and downward to form new crypts, eventually replacing them. On the other 
hand, a cell derived from a mutated stem cell may migrate to that area and expand with a 
second genetic hit that activates its growth potential. The 'bottom-up' model proposes that 
the malignant transformation process takes place among the stem cell population at the 
crypt base, and then the transformed stem cell migrates to the apex of the crypt where it 
expands.  (Preston et al., 2003).  
Additionally, two possible models of colorectal cancer carcinogenesis are currently 
described: a stochastic model, where any cell has an equal capacity of cancer initiation 
and promotion, and a cancer stem cell (CSC) model, where tumors are organized in a 
certain hierarchical degree and only CR-CSCs have cancer-initiating potential and the 
ability to sustain tumor growth (Vaiopoulos, Kostakis, Koutsilieris, & Papavassiliou, 2012). 
These CSCs are considered to have a capacity for self-renewal and ability to give rise to 
the heterogeneous lineages of cancer cells that comprise a tumor (Tan, Park, Ailles, & 
Weissman, 2006) and its presence within CRC has been widely reported (Dalerba et al., 





3.3.3 CAC carcinogenesis 
The pathogenesis of IBD is still unclear, but both autoimmune and immune-mediated 
phenomena are involved (Wen & Fiocchi, 2004). It is currently believed that loss of 
tolerance against the indigenous enteric flora is the central event in IBD pathogenesis 
(Wen & Fiocchi, 2004). High levels of inflammatory mediators then contribute to the 
development and progression of CAC (Kraus & Arber, 2009), following an inflammation–
dysplasia–carcinoma sequence (De Robertis et al., 2011). Specifically excessive 
inflammation, expansion of bacteria with genotoxic capabilities such as Helicobacter and 
Bacteroides spp and chronic oxidative stress by the generation of reactive oxygen and 
nitrogen species, pose a constant mutational challenge for the intestinal epithelium and 
create a tumor-promoting microenvironment (Arthur et al., 2012; Chichlowski, Sharp, 
Vanderford, Myles, & Hale, 2008; Ferguson, 2010; Hofseth et al., 2003; Hussain, Hofseth, 
& Harris, 2003; Iliev et al., 2012; Philip, Rowley, & Schreiber, 2004; Westbrook, Wei, 
Braun, & Schiestl, 2009; S. Wu et al., 2009).  
Although similar mutations occur in sporadic CRC and CAC, they appear in different 
stages of the disease (Kern et al., 1994). For example mutations and LOH of p53 gene are 
observed early in CAC (Lashner, Shapiro, Husain, & Goldblum, 1999) and only in later 
stages in sporadic CRC (Fearon & Vogelstein, 1990). Additionally, while in sporadic CRC 
mutations in the APC gene were described to initiate tumorigenesis, this does not seem to 
be the case in CAC (Tarmin et al., 1995). Furthermore, analysis of β-catenin showed no 
alterations in most specimens of UC and CAC (Leedham et al., 2009). 
Moreover IBD and CAC development are mediated through the production of inflammatory 
mediators, such as the proinflammatory enzymes cyclooxygenase-2 (COX-2) and iNOS 
(Chichlowski, Westwood, Abraham, & Hale, 2010; T. Tanaka et al., 2003), cytokines, 
chemokines, growth- and transcription factors. The release of cytokines such as IL-6 and 
TNF-α during IBD promote tumor growth, while low expression of immunossupressive 
cytokines like TGF-β and IL-10 exacerbate this process (Rizzo et al., 2011). Although TNF-
α has been classically considered as an anticancer agent, it is currently recognized that 
chronically elevated TNF-α may promote tumor growth, invasion and metastasis 
(Popivanova et al., 2008; Szlosarek, Charles, & Balkwill, 2006). The protumoral effect of 
TNF-α signaling in CAC is mostly due to the intracellular activation of NF-κB (Hacker & 
Karin, 2006). NF-κB is a pleiotropic transcription factor with a crucial role in innate and 
adaptive immunity and is required for the expression of various proinflammatory factors 
(Hacker & Karin, 2006). Additionally, in CAC the prosurvival signals provided by NF-κB in 
epithelial cells play a role in tumor initiation independent of the inflammation severity 
(Greten et al., 2004). NF-κB can support carcinogenesis by increasing cell proliferation, 
angiogenesis, invasion and metastasis, and inhibiting apoptosis (Naugler & Karin, 2008). 
One of the NF-κB-dependent tumor growth factors released by myeloid cells is IL-6, a 
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multifunctional cytokine important for immune responses, cell survival, apoptosis and 
proliferation (Kishimoto, 2005). With regard to CAC, IL-6 expressed during colitis was 
shown to promote tumor growth in mice (Becker et al., 2004). Moreover, in a similar model, 
IL-6 expressed by lamina propria myeloid cells protected normal and transformed epithelial 
cells from apoptosis in a STAT3-dependent manner (Grivennikov et al., 2009). In addition, 
other studies indicated the presence of a negative feedback loop between IL-6 expression 
and TGF-β signaling (Becker et al., 2004; Jenkins et al., 2005). The pivotal function of 
TGF-β in the immune system is to maintain tolerance via the regulation of lymphocyte 
proliferation, differentiation, and survival. In addition, TGF-β controls the initiation and 
resolution of inflammatory responses through the regulation of chemotaxis, activation, and 
survival of innate and adaptive immune cells (M. O. Li, Wan, Sanjabi, Robertson, & Flavell, 
2006). The inhibition of TGF-β signaling causes IBD by upregulating the intracellular 
inhibitor of Smad signaling Smad7 (Monteleone, Boirivant, Pallone, & MacDonald, 2008). 
Additionally, blocking TGF-β signaling using Smad3-deficient mice leads to CAC 
development dependent on the presence of Helicobacter infection (Maggio-Price et al., 
2006). However, TGF-β signaling has been demonstrated to act, under certain conditions, 
as a tumor promoter. Indeed, TGF-β signaling suppresses tumor-specific CD8+ T cell 
cytotoxicity (Chen et al., 2005), promotes tumor cell proliferation and metastasis 
(Massague, 2008). In addition, TGF-β induces the differentiation and activation of Treg 
cells, suppresses INF-γ production and in the presence of IL-6 induces the differentiation 
of IL-17-producing Th17 cells (Flavell, Sanjabi, Wrzesinski, & Licona-Limon, 2010). 
Furthemore, the excess amount of TGF-β in the tumor microenvironment may contribute to 
the alternative activation of M2 macrophages by downregulating NF-κB expression (Flavell 
et al., 2010). The other main immunomodulatory cytokine is IL-10. Patients carrying loss-
of-function mutations of IL-10 receptor develop more aggressive IBD and CAC (Rizzo et 
al., 2011). Moreover, IL-10-deficient mice spontaneously develop chronic enterocolitis 
(Kuhn, Lohler, Rennick, Rajewsky, & Muller, 1993) and CAC (Berg et al., 1996). 
Analogous to IL-6, IL-10 activates STAT3 in target cells. However, the final effect is 
inhibition of NF-κB activation (Hoentjen, Sartor, Ozaki, & Jobin, 2005; Schottelius, Mayo, 
Sartor, & Baldwin, 1999) and reduction of the expression of proinflammatory cytokines 
such as TNF-α, IL-6 and IL-12 (Moore, de Waal Malefyt, Coffman, & O'Garra, 2001). 
Moreover, in a melanoma model, IL-10 seems to inhibit macrophages-derived angiogenic 
factors, and hence, tumor growth and metastasis (Huang, Xie, Bucana, Ullrich, & Bar-Eli, 
1996). 
Macrophages are usually the most abundant immune population in the tumor-
microenvironment (Tavazoie et al., 2008). Tumor-derived IL-6, IL-10, TGF-β and PGE2 
promote the polarization into M2-like macrophages with protumor functions. These include 
the production of growth factors (e.g. EGF, FGF, VEGF, IL-6) and matrix-degrading 
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enzymes (MMPs) that favor angiogenesis, tumor cell proliferation and invasion, and the 
secretion of chemokines (e.g CCL17, CCL18 and CCL22) to recruit naïve and Th2 
lymphocytes, ineffective in mounting a protective anti-tumor immune response (Tavazoie 
et al., 2008).  
Cells of the innate immune system have been regarded mainly as pro-tumorigenic, as they 
facilitate an unspecific inflammatory response (M. J. Waldner & Neurath, 2009). The role of 
cells of the adaptive immune system however is more complex. Although T cell responses 
fuel the inflammatory process that promotes carcinogenesis, they also inhibit the tumor 
growth and progression by a process of recognition and rejection of malignant cells called 
immunosurveillance (Danese, Malesci, & Vetrano, 2011). In a CAC model, RAG1-deficient 
mice that do not have B and T cells did not develop tumors even in the presence of colitis 
(Becker et al., 2004). With regard to Th cell subsets, Osawa et al. compared Il4-/- and Ifn-γ-
/- deficient mice in a CAC model and concluded that Th2-derived cytokines, and not IFN-γ, 
promoted the tumor growth (Osawa et al., 2006). Indeed, IFN-γ (the main marker of Th1 
responses) has been shown to be involved in the activation of CD8+ T cells and natural 
killer (NK) cells (Senik, Stefanos, Kolb, Lucero, & Falcoff, 1980; Street, Trapani, 
MacGregor, & Smyth, 2002) and these and NKT cells have been shown to play a role in 
antitumor immunity. After being activated they release different cytotoxic molecules 
responsible for target cell killing (Rizzo et al., 2011). However, the role of CD8+ T cells in 
CAC seems to be controversial as they also contribute to intestinal inflammation and 
thereby might promote tumor growth (M. J. Waldner & Neurath, 2009). Other study 
indicated that Th17 cell response may be implicated, as IL-17 ablation reduced the number 
and mean tumor size and decreased inflammation and proliferation in CAC (Hyun et al., 
2012). Indeed, IL-17 is known to induce the expression of proinflammatory factors such as 
TNF-α, IL-6, IL1, iNOS, metalloproteinases and chemokines, which play a role in CAC 
(Fouser, Wright, Dunussi-Joannopoulos, & Collins, 2008). Additionally, Th17 cell activation 
and infiltration in the tumor microenvironment inhibits IL-12 while enhancing IL-23 
transcription. This shifts the balance from Th1 to Th17 (Danese et al., 2011). Moreover 
Tregs have been shown to have a protective effect on chronic inflammation and in CAC 
(Blat, Zigmond, Alteber, Waks, & Eshhar, 2014; Pastille et al., 2014; M. J. Waldner & 
Neurath, 2009). However, the expression of FOXP3 has been associated with a poor 
prognosis in several types of cancer, and Tregs have been shown to reduce the host 
antitumor immune response mediated by CD8+ T cells (Ishibashi, Tanaka, Tajima, 
Yoshida, & Kuwano, 2006; Wolf et al., 2005). Nevertheless, in the ApcMin/+ model, Tregs 
were shown to reduce the intestinal tumor growth by increasing the apoptotic rate of tumor 
cells and reducing the expression of COX-2 (Erdman et al., 2005), indicating that the anti-
inflammatory role of Tregs may exceed the suppression of tumor immunosurveillance. 
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3.4 Mouse models of colorectal cancer  
3.4.1 The ApcMin/+ model 
The ApcMin/+ mouse is regarded as a good model to study the multistage carcinogenesis of 
human FAP and sporadic CRC (Yasuhiro Yamada & Mori, 2007). Originally, this lineage 
was established from an ethylnitrosourea-treated C57BL/6 mouse, and its phenotype is an 
autosomal dominant trait (Moser, Pitot, & Dove, 1990). The ApcMin/+ mouse has a dominant 
point mutation at the recessive tumor suppressor Apc gene that results in truncation of the 
gene product at amino acid 850 (Su et al., 1992). This mouse is therefore predisposed to 
multiple intestinal neoplasms (Min), where Apc LOH is necessary for tumor formation 
(Luongo, Moser, Gledhill, & Dove, 1994). In this model there are at least two distinct 
stages of carcinogenesis, where additional events are required for the transition of 
microadenomas (one to six dysplastic crypts, with loss of Apc and β-catenin accumulation 
like BCAC) to macroscopic tumors (Yasuhiro Yamada & Mori, 2007). The vast majority of 
ApcMin/+ tumors develop in the small intestine, with a few developing in the colon (Moser, 
Dove, Roth, & Gordon, 1992; Moser et al., 1990). Most tumors in the ApcMin/+ mouse are 
benign polypoidal, sessile or papillary adenomas and do not demonstrate either 
aggressive invasion or metastasis (Boivin et al., 2003). 
 
3.4.2 The azoxymethane plus dextran sulfate sodium chemically induced model 
A chronic inflammation-related mouse model of colorectal cancer combines the carcinogen 
azoxymethane (AOM) and the pro-inflammatory agent dextran sulfate sodium (DSS) salt 
(Clemens Neufert et al., 2007). AOM is a mutagenic agent that exerts colonotropic 
carcinogenicity by promoting DNA alkylation, which facilitates base mispairings 
(Papanikolaou, Wang, Delker, & Rosenberg, 1998). AOM is a tumor-initiating agent, but 
some tumor-promoting activity has also been reported (Bissahoyo et al., 2005). DSS is a 
non-genotoxic carcinogen that causes defects in the colonic epithelial barrier integrity, 
whereby increasing the mucosal permeability (Kitajima, Takuma, & Morimoto, 1999). 
Hence, it induces colonic inflammation and nitrosative stress and therefore promotes 
colonic dysplasia and neoplasms (T. Tanaka et al., 2003). Chronic colitis may be induced 
by DSS through continuous treatment in low concentration or cyclical administration (Perse 
& Cerar, 2012). Histological changes seen in mouse DSS-induced colitis are the features 
of IBD (UC and CD) in man (Perse & Cerar, 2012). They consist of mononuclear 
leucocytes infiltration, crypt architectural disarray, increasing the distance between crypt 
bases and muscularis mucosae and erosion (Perse & Cerar, 2012). CAC is thought to 
develop by a multistep process in which normal crypts are initiated to form ACF that 
proliferate by crypt fission to form microadenoma. The microadenomas enlarge to give 
macroscopic adenomas, adenomatous polyps, and eventually adenocarcinomas. Usually, 
3–10 macroscopic tumors develop in 80%–100% of the mice, with adenomas infiltrated by 
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T lymphocytes and other immune cells, low- and high-grade dysplasia, and colitis with 
mucosal ulceration being present at week 12 from the start of the treatment (Becker et al., 
2005; Bissahoyo et al., 2005). Such tumors display increased levels of COX-2 and iNOS 
Takahashi, 2000 #4201}. Development of cancer in this model closely mirrors the pattern 
seen in humans even at the molecular level. However, AOM-DSS induced tumors often 



























4 EXPERIMENTAL WORK 
 
4.1 Chapter I - Delta-like 4/Notch signaling promotes ApcMin/+ tumor initiation through 
angiogenic and non-angiogenic related mechanisms 
Badenes, M., Trindade, A., Pissarra, H., Costa, L., Duarte, A. 
 
4.1.1 Abstract 
Delta like 4 (Dll4)/Notch signaling is a key regulator of tumor angiogenesis.  Additionally the 
role of Dll4 has been studied on tumor stem cells. However, as these cells are implicated in 
tumor angiogenesis, it is conceivable that the effect of Dll4 on these cells may be a 
consequence of its angiogenic function. Our aim was to evaluate the expression and dissect 
the functions of Dll4 in the ApcMin/+ model of colorectal cancer. For that we analysed the 
protein expression pattern of Dll4 and other Notch members in the ApcMin/+ tumors relatively 
to the normal gut and compared endothelial-specific with ubiquitous Dll4 knockout mice on 
an ApcMin/+ background. We found that all Notch pathway members were present in the 
normal small and large intestine and also, but mainly Dll4 and Jagged1, in the intestinal 
adenomas. Dll4, all Notch receptors and Hes1 expression seemed upregulated in the 
tumors, with some regional differences. The same members and Hes5, instead of Hes1, 
presented ectopic expression in the tumor parenchyma. Dll4 expression was most 
pronounced in the tumor cells but it was also present in the tumor blood vessels and in other 
stromal cells. Ubiquitous and endothelial-specific Dll4 deletion led to a similar reduction of 
tumor growth because of a similarly marked tumoral angiogenic phenotype promoting non-
productive vasculature and consequently hypoxia and apoptosis. The ubiquitous Dll4 
inhibition led to a stronger decrease of tumor multiplicity than the endothelial-specific deletion 
by further reducing   tumor proliferation and tumor stem cell density through upregulation of 
the cyclin-dependent kinase inhibitors 1C and 1B and downregulation of Myc, Cyclin D1 and 
D2 independently of β-catenin activation. This phenotype was associated to the observed 
increased epithelial differentiation deviated towards the secretory lineages by Atoh1 and Klf4 
upregulation only in the ubiquitous Dll4 mutants. Therefore, Dll4 seems to promote ApcMin/+ 
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Colorectal cancer (CRC), one of the most frequent malignancies in the Western world, is 
commonly associated with mutations in the tumor suppressor Adenomatous polyposis coli 
(APC) gene both in hereditary (Powell et al., 1993) and in sporadic CRC (Payne, 1990). 
Mutations of this gene constitutively activate β-catenin target genes causing tumorigenesis 
(Fearnhead, Britton, & Bodmer, 2001). The ApcMin/+ mouse, which spontaneously develops 
multiple intestinal neoplasms (Min) in the small and large intestine, is considered a good 
model to study CRC (McCart, Vickaryous, & Silver, 2008; Su et al., 1992).  
Studies revealed that all of the Notch receptors, their ligands and some of their effectors 
(Hes1, 5, 6, 7 and Atoh1) are expressed in the normal intestinal crypts, the main niche for 
stem cells. Dll1 and Dll4 interact with Notch1 and 2 in the normal gut to maintain the 
homeostasis of intestinal stem cells (Pellegrinet et al., 2011) by repressing the cyclin-
dependent kinase inhibitors Cdkn1b and Cdkn1c (Riccio et al., 2008). The Notch signaling 
pathway also promotes the enterocyte/colonocyte differentiation (Stanger, Datar, Murtaugh, 
& Melton, 2005; van Es et al., 2005), while Atoh1 and Klf4, which are transcriptionally 
repressed by Hes1, specify secretory (goblet, enteroendocrine, and Paneth) cell 
differentiation (Vooijs, Liu, & Kopan, 2011; Yang, Bermingham, Finegold, & Zoghbi, 2001). 
Activation of Notch1 together with Wnt signalling seems to be essential to trigger CRC 
initiation by maintaining the self-renewal of tumor stem cells (Fre et al., 2009; Sikandar et al., 
2010). These cells share some characteristics with normal stem cells but have accumulated 
oncogenic mutations and lost growth control. They possess the strongest tumor-initiating 
potential of all tumor cells and promote tumor growth and resistance to many current 
therapies, including chemo and radiotherapy (Rosen & Jordan, 2009). Several intestinal stem 
cell markers have been investigated, such as the leucine-rich repeat-containing G-protein-
coupled receptor 5  (Lgr5) and the B cell–specific Moloney murine leukemia virus insertion 
site 1 (Bmi1) (Maynard et al., 2014). These two markers are also present in the normal gut in 
two functionally different intestinal stem cell populations; Lgr5 is present in mitotically active 
stem cells that are sensitive to irradiation and Wnt modulation, while Bmi1 is a marker for a 
reserve population of resistant quiescent injury-inducible stem cells (Yan et al., 2012). In 
CRC both Lgr5 and Bmi1 positive stem cell populations are associated with cancer initiation 
and progression (Espersen et al., 2015; Fre et al., 2005; Schepers et al., 2012) and are 
regulated by the Notch pathway in the normal gut (Lopez-Arribillaga et al., 2015; VanDussen 
et al., 2012). 
Accumulating evidence has shown that tumor stem cells promote tumor angiogenesis and 
that their maintenance depends upon functional angiogenesis (Zhao et al., 2011). It is 
currently widely recognized that tumor growth and maintenance is dependent on the 
expansion of the individual’s vasculature to the center of the tumor (Folkman, 1990). 
Previous work showed that the inhibition of Dll4/Notch represses tumor growth by promoting 
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dysfunctional an immature tumoral angiogenesis in a variety of xenograft and autochthonous 
mouse models (Djokovic et al., 2010; Noguera-Troise et al., 2006; Ridgway et al., 2006; 
Scehnet et al., 2007). In xenograft models of CRC anti-Dll4 therapy seems to additionally 
reduce the frequency of tumor stem cells (M. Fischer et al., 2010; T. Hoey et al., 2009). 
Thus, we set out to characterize the expression pattern of Dll4 and other Notch members in 
the ApcMin/+ tumors relatively to the normal intestine and compare endothelial-specific with 
ubiquitous Dll4 loss-of-function mutants to address the role of Dll4 in intestinal tumor 
development in the ApcMin/+ model. In particular, we aimed to assess whether an effect of Dll4 
signaling on the ApcMin/+ tumor stem cells was solely a consequence of its action on tumor 
angiogenesis or if other, more direct, mechanisms might be involved.  
 
4.1.3 Methods 
4.1.3.1 Experimental animals 
All animal-involving procedures in this work were approved by the Faculty of Veterinary 
Medicine of Lisbon Ethics and Animal Welfare Committee (Approval ID: 
PTDC/CVT/71604/2006). 
Mutant C57BL/6J-ApcMin/+/J (ApcMin/+) mice were purchased from the Jackson Laboratory 
(Bar Harbor, ME). 
Wild type C57BL/6J mice were used to analyse Notch pathway expression in the normal 
intestine and ApcMin/+ mice were used to characterize their expression in intestinal tumors. 
ApcMin/+ mice were crossed with Dll4 conditional homozygous mice (Dll4lox/lox).  The resulting 
ApcMin/+; Dll4lox/lox progeny was crossed with VE-cadherin-Cre-ERT2 mice to produce 
endothelial-specific inducible Dll4 loss-of-function (endoDll4-/-) or with Cag-Cre-ERT2 mice to 
produce ubiquitous inducible loss-of-function (ubiqDll4-/-). When these mice reached 6 
weeks, recombinase cre activity was induced by daily i.p. tamoxifen administration (50 mg/kg 
in 10% ethanol plus 90% cremophor), during 5 days. Tamoxifen treated cre-negative mice 
were used as controls.   
In all experiments we used 12 animals per group. 
 
4.1.3.2 Macroscopic analysis of the intestine 
At 18 weeks of age the animals were sacrificed and the small and large intestine were 
excised, flushed and opened longitudinally. The macroscopic small and large intestine 
tumors of ApcMin/+ Dll4 mutant mice and controls were counted and measured with a calliper 
under the dissection microscope. Tumor volume was calculated assuming a hemispherical 
shape for the small bowel tumors and a spherical shape for large intestine tumors. The 
volumes of all tumors from each mouse were added to give the overall tumor burden per 
animal. Normal WT small and large intestine and the tumors of these regions from ApcMin/+ 
Dll4 mutant mice and controls were collected. 
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4.1.3.3 Histopathological analysis 
The collected samples were fixed in 10% formalin solution for 48h, dehydrated in alcohol, 
cleared in xylene, embedded in paraffin, sectioned at 4µm and stained with hematoxylin 
(Fluka AG Buchs SG Switzerland) and eosin Y (Sigma, St. Louis, MO) for histopathological 
analysis. The lesions observed on the H&E sections from ApcMin/+ mice were classified as 
hyperplasias, when only an increase of the number of cells was observed, or as adenomas 
with low and high-grade dysplasia based on the alterations of the shape of the nucleus, the 
nucleus to cytoplasm ratio, cell polarity, chromatin pattern, and changes in gland 
architecture. 
Periodic Acid-Schiff (PAS) staining (Sigma, St. Louis, MO) was used to mark the intestinal 
goblet cells. These cells were counted in the intestine PAS stained sections using a 400x 
magnification.  
 
4.1.3.4 Immunohistochemical analysis 
After dewaxing and rehydration, endogenous peroxidase activity was quenched (15 minutes, 
1% H2O2) and antigen retrieval was performed (20 minutes at 95°C in 10mmol/L sodium 
citrate buffer, pH 6). The primary antibodies to mark Dll1 (ab76655), Dll4 (ab7280), Notch1 
(ab27526), Notch2 (ab8926), Notch3 (ab23426), Hes1 (ab71559) and 5 (ab25374) (Abcam, 
Cambridge, UK) and Jagged1 (sc-8303), Jagged2 (sc-8157), Dll3 (sc-67270) and Notch4 
(sc-5594) (Santa Cruz Biothecnology, California, USA) were diluted in PBS containing 2% 
bovine serum albumin, and incubated overnight at 4ºC with the tissue sections. These 
antibodies have been previously validated (Murta et al., 2013; Murta et al., 2014; Murta et al., 
2015). The following morning, the tissue sections were incubated with goat anti-rabbit (12-
348, Merck Millipore, Massachusetts, USA) or rabbit anti-goat (sc-2768, Santa Cruz 
Biothechnology, California, USA) horseradish peroxidase–labeled secondary antibody and 
the staining was revealed with ImmPACT DAB Peroxidase Substrate (100µl, Vector 
Laboratories, Burlingame, USA). The sections were examined under an Olympus Bx51 
microscope with the objective 40x/0.75 (UPlanfL). The images were captured with a camera 
Olympus DP21. 
 
4.1.3.5 Immunofluorescence analysis 
Small and large intestine tumors were fixed in a 4% (w/v) paraformaldehyde in PBS solution 
at 4ºC for 1h, cryoprotected in 15% (w/v) sucrose in PBS solution, embedded in 7.5% (w/v) 
gelatin in PBS solution, snap frozen in liquid nitrogen and cryosectioned in 10 and 20µm-
thick sections. The following primary antibodies were used: anti-PECAM-1 (557355), anti-E-
cadherin (560061) (BD Biosciences, San Jose, USA), anti-α-SMA (ab5694), anti-PCNA 
(ab18197), anti-Lgr5 (ab75732), anti-HIF1α (ab85866), anti-Cyclin D1 (ab21699) (Abcam, 
Cambridge, UK), anti-Dll4 (AF1389, R&D Systems, Minneapolis, USA), anti-lysozyme 
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(A009902-2, Dako, Glostrup, Denmark), anti-non-phospho (active) β-catenin (8814, Cell 
Signaling Technology, Danvers, USA). Species-specific secondary antibodies conjugated 
with Alexa Fluor 488 and 594 (Invitrogen, Carlsbad, CA) were used to reveal primary 
antibody binding. Tissue sections were incubated with primary antibody overnight at 4°C and 
with secondary antibody for 1 hour at room temperature. Nuclei were counterstained with 4´, 
6-diamidino-2-phenylindole dihydrochloride hydrate (DAPI; Molecular Probes, Eugene, OR).  
Fluorescent immunostained sections were examined under a Leica DMRA2 fluorescence 
microscope with a Leica HC PL Fluotar 10 and 20X/0.5 NA dry objective, captured using 
Photometrics CoolSNAP HQ, (Photometrics, Friedland, Denmark), and processed with 
Metamorph 4.6-5 (Molecular Devices, Sunnyvale, CA, US). Morphometric analyses were 
performed using the NIH ImageJ 1.37v program. After transforming the RGB images into 
binary files, the percentage of white pixels per field was defined as a positive signal. 
Under the effect of 2-2-2 tribromoethanol anaesthesia, biotin-conjugated lectin from 
Lycopersicon esculentum (100µg/100µl of PBS) or 1% Evans’ Blue solution (Sigma, St. Luis, 
MO, US) were administered in the caudal vein to mark vessel perfusion and extravasation, 
respectively. Both solutions were allowed to circulate for 5 minutes before the vasculature 
was transcardially perfused with 4% (w/v) paraformaldehyde in PBS solution for 3 minutes. 
Tumor samples were collected and processed as described above. Tissue sections were 
stained and tumor perfusion was quantified by determining the percentage of red PECAM-
positive structures that were co-localized with Streptavidin-Alexa 488 (Invitrogen, Carlsbad, 
CA, US) signals.  Evans’ Blue is red fluorescent and extravasation was visualized in contrast 
to green fluorescent vascular structures.   
Apoptosis was measured using the TUNEL assay (Roche, Mannheim, Germany). 
 
4.1.3.6 Quantitative transcriptional analysis 
Intestinal tumors were snap frozen in liquid nitrogen until RNA extraction (Qiagen RNeasy). 
Using the SuperScript® III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen, 
Carlsbad, CA, USA), first-strand cDNA was synthesized from total RNA. Real-time PCR 
analysis was performed using specific primers. Primer pair sequences are reported on Annex 
II. Gene expression was normalized to β-actin and in the case of genes expressed in the 
vasculature it was additionally normalized to Pecam-1. 
 
4.1.3.7 Statistical analysis 
To compare measurements between control and test groups, the Mann-Whitney-Wilcoxon 
test was performed using the Statistical Package for the Social Sciences v15.0 (Chicago, IL). 
Results are presented as relative average ± SEM. P-values <0.05 and <0.01 were 
considered significant (*) and highly significant (**), respectively. 
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4.1.4 Results 
4.1.4.1 Notch pathway is upregulated in ApcMin/+ small and large intestine tumors 
relatively to the normal intestine 
Previous RNA-based studies described the expression pattern of the Notch pathway 
components in the normal gut (Sander & Powell, 2004; Schroder & Gossler, 2002). However, 
there is still limited information about its expression in the ApcMin/+ mouse intestinal tumors. 
The only existing studies in the ApcMin/+ adenomas indicated that the expression of Notch 
receptors and ligands was similar to that observed in the crypts, Hes1 was detected 
uniformly (van Es et al., 2005) and Jagged1 was overexpressed in the tumor tissue with 
concomitant Notch1 and 2 activation (Rodilla et al., 2009). A more complete overview has 
not been produced. Therefore we evaluated the protein expression pattern of the ligands 
(Dll1, 3 and 4 and Jagged1 and 2), receptors (Notch1-4) and chosen effectors (Hes1 and 5) 
in the normal WT gut. We analysed the presence of these components in the crypts and villi 
of the small intestine, in the bottom and top of the crypts of the large intestine and in the 
lamina propria of both regions as summarized in Tables 1 and 2. Then we evaluated the 
expression pattern of Notch components in the ApcMin/+ mouse small and large intestine 
adenomas and compared it with that of normal WT gut. 
In the normal small intestine crypts our protein expression analysis revealed that all Notch 
members, except Dll3, were present (Fig. 6A and 6D, and Fig. 7A and 7D). Most pathway 
members were expressed at the bottom of the crypts, where the proliferative and Paneth 
cells are located (Fig. 6A and 6D, and Fig. 7A and 7D). Jagged1, however, was expressed 
throughout the crypts, but absent in Paneth cells (Fig. 6A), whereas Notch4 was only present 
in goblet cells (Fig. 6D). 
In the normal small intestine villi, Dll1, Dll4 and seldom Notch4 were expressed in 
differentiated goblet cells (Fig. 6B and 6E). Dll3 and mainly Jagged1 and Hes5 were found 
diffusely in enterocytes (Fig. 6B and Fig. 7E), while Jagged2, Notch1 and 3 and Hes1 were 
only present in some of these cells (Fig. 6B and 6E, and Fig. 7B). Notch2 seemed absent in 
this region (Fig. 6E). 
In the bottom of the crypts of the normal large intestine, Jagged1 and Hes5 were diffusely 
expressed in the epithelium (Fig. 6G and Fig. 7J). Jagged2, Notch1-4 and Hes1 were found 
in scattered cells within the lower part of the crypts (Fig. 6G and 6J, and Fig. 7G). Dll1, 3 and 
4 seemed mostly absent in this region (Fig. 6G). 
In the top of the crypts of the normal large intestine, Dll1, Dll4 and Notch4 were expressed in 
goblet cells (Fig. 6H and 6K). Dll3, Jagged1, Hes5, and to a lesser extent Hes1, were 
expressed diffusely in colonocytes (Fig. 6H, and Fig. 7H and 7K). Jagged2, Notch1, 2 and 3 
seemed absent in this region (Fig. 6H and 6K). 
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All of the members were also present in some cells in the small and large intestine lamina 
propria, mainly Hes5 in the villi and upper part of the large intestine crypts (Fig. 7E and 7K) 
and Dll3 diffusely in the large intestine (Fig. 6G and 6H). 
We observed that in the normal small and large intestine the protein expression of most of 
the Notch pathway components analysed was similar to their previously described gene 
expression pattern (Sander & Powell, 2004; Schroder & Gossler, 2002). However, we found 
the presence of Notch2 in the bottom of the crypts in the large intestine (Fig. 6J), Notch3 and 
4 in the small and large intestine epithelium (Fig. 6D-E and 6J-K) and Hes1 in a diffuse 
pattern both in the small and large intestine (Fig. 7A-B and 7G-H), which was not previously 
reported. 
In the ApcMin/+ intestinal adenomas, the Notch pathway members were mostly expressed in 
some stromal cell populations, such as neutrophils, and in tumor cells, mainly at the 
periphery of the tumor mass (Fig. 6C, 6F, 6I and 6L, and Fig. 7C, 7F, 7I and 7L). 
Compared with the normal small bowel, in the adenomas of the same region, Dll1, Dll3, 
Jagged1 and Notch3 presented a similar expression pattern (Fig. 6A-F). Jagged2 seemed 
less expressed (Fig. 6A-C), and Dll4, Notch1, 2 and 4, and Hes1 appeared upregulated (Fig. 
6A-F and Fig. 7A-C). We observed ectopic expression of Dll4, Notch1, 2 and 4 and Hes5 in 
the tumor epithelium (Fig. 6C and 6F, and Fig. 7F). Dll4 also appeared in other tumor cells, 
besides goblet cells (Fig. 6C). Notch1 appeared diffusely in the tumor epithelium (Fig. 6F). 
Notch2 and Hes5 were present in the goblet cells (Fig. 6F and Fig. 7F).  Notch4 was not 
detected in the goblet cells, being present in other epithelial cell types (Fig. 6F). 
Compared with the normal large intestine, in the adenomas of the same region, Dll1 and 
Jagged1 had a similar expression pattern (Fig. 6G-I). Dll3 and Jagged2 seemed less 
expressed in the tumor epithelium (Fig. 6G-I), and Dll4, all Notch receptors, and Hes1 
seemed upregulated (Fig. 6G-L and Fig. 7G-I). We observed ectopic expression of Dll4, 
Notch1 and 4, and Hes5 in the tumor epithelium (Fig. 6I and 6L, and Fig. 7L), which was 
similar to that described above for the small intestine adenomas. In this region Notch3 was 












Table 1 - Summary of sites of Notch pathway protein expression in the normal small 
intestine 
 
  small	  intestine	  
	  	   crypts villi lamina 







Dll1 X X     X X 
Dll3       X (diffusely)   X 
Dll4 X X     X X 
Jag1 X (diffusely)     X (diffusely)   X 
Jag2 X     X   X 
Notch1 X X   X   X 
Notch2 X X       X 
Notch3 X     X   X 
Notch4     X   X X 
Hes1 X X   X   X 
Hes5 X X   X (diffusely)   X 
 
 
Dll1, 3 and 4 Jagged1 and 2, Notch1-4, Hes1 and 5 protein expression pattern (indicated by an x) in 
the crypts and villus epithelium and in the lamina propria of the normal WT small intestine of C57BL/6 
mice at 18 weeks of age. One experiment with n = 2 per group and 2 fields per animal. 
 
Table 2 - Summary of sites of Notch pathway protein expression in the normal large 
intestine 
 
  large	  intestine	  
	  	   crypts 
bottom 
crypts top lamina 
propria 	  	   colonocytes goblet cells 
Dll1     X X 
Dll3   X (diffusely)   X (diffusely) 
Dll4     X X 
Jag1 X (diffusely) X (diffusely)   X 
Jag2 X     X 
Notch1 X     X 
Notch2 X     X 
Notch3 X     X 
Notch4 X   X X 
Hes1 X X (diffusely)   X 
Hes5 X (diffusely) X (diffusely)   X 
 
 
Dll1, 3 and 4 Jagged1 and 2, Notch1-4, Hes1 and 5 protein expression pattern (indicated by an x) in 
the bottom and top of the crypts and in the lamina propria of the normal WT large intestine of C57BL/6 
mice at 18 weeks of age. One experiment with n = 2 per group and 2 fields per animal. 
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Figure 6 - Notch pathway expression pattern in the small and large intestine and in 




(A-L) Immunohistochemical analysis of Notch ligands and receptors expression (indicated by a white 
arrow) in the normal small and large intestine of C57Bl/6 mice, and in ApcMin/+ small and large intestine 
adenomas (n=2 per group). Control staining was performed with the specific species IgG. Notch 
ligands (A-C) and receptors (D-F) expression in the small intestine crypts (A, D), villi (B, E) and 
 37 
adenomas (C, F). Notch ligands (G-I) and receptors (J-L) expression in the large intestine in the 
bottom (G, J) and top (H, K) of the crypts and in adenomas (I, L). Scale bar = 20µm. Black arrow 
indicates a Paneth cell (A). Red arrow points to an enterocyte (B) or colonocyte (H); Yellow arrow 
indicates a goblet cell (B, H); White arrow in (C, I) indicates the tumor epithelium; Green arrow points 
out a neutrophil (C). LP, lamina propria; S, stroma. 
 
Figure 7 - Hes1 and Hes5 expression pattern in the small and large intestine and in 





(A-L) Immunohistochemical analysis of Notch effectors Hes1 and Hes5 expression (indicated by an 
arrow) in the normal small and large intestine of C57BL/6 mice, and in ApcMin/+ small and large 
intestine adenomas at 18 weeks of age. One experiment with n = 2 per group and 2 fields per animal. 
Hes1 (A-C) and Hes5 (D-F) expression in the small intestine crypts (A, D), villi (B, E) and adenomas 
(C, F). Hes1 (G-I) and Hes5 (J-L) expression in the large intestine in the bottom (G, J) and top (H, K) 
of the crypts and in adenomas (I, L). Scale bar = 20µm.  
 
4.1.4.2 Endothelial-specific but mainly ubiquitous inhibition of Dll4 function delays 
the development of intestinal tumors in ApcMin/+ mouse 
Notch signaling activation promotes intestinal tumorigenesis mediated by Apc loss of function 
(Fre et al., 2009). In the present study, Dll4 and Jagged1 ligands appear to be the Notch 
pathway components with greater expression in the small and large ApcMin/+ adenomas (Fig. 
6C and 6I). Previous authors found that the inhibition of Jagged1-mediated Notch signaling is 
sufficient to reduce the size of the ApcMin/+ intestinal tumors (Rodilla et al., 2009). However, 
Dll4/Notch signaling blockade was never evaluated in the ApcMin/+ model of CRC. It was 
previously shown that Dll4/Notch signaling is important to maintain the normal gut 
homeostasis (Pellegrinet et al., 2011) and therefore may also regulate the process of 
intestinal tumorigenesis. Studies using a xenografted model of CRC suggested that Dll4, 
besides promoting a dysfunctional vasculature, could have an additional role maintaining the 
proliferative cancer stem cells (M. Fischer et al., 2010; Hoey et al., 2009). However, this was 
never studied in premalignant lesions, the initiating event of CRC. We found that in the 
ApcMin/+ small and large intestine, Dll4 is strongly expressed in the tumor epithelium, including 
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in the goblet and Paneth cell lineages (Fig. 6C and 6I and Fig. 8A-B), and it is also present in 
the tumor endothelium (Fig. 8C-D). In addition, it is present near the Lgr5 positive stem cells 
in the normal gut and in the intestinal ApcMin/+ adenomas (Fig. 8E-H). Therefore, we decided 
to elucidate if Dll4 inhibition could be effective in blocking ApcMin/+ tumor initiation and 
development through angiogenic and/or non-angiogenic mechanisms. To that end, ApcMin/+ 
mice with endothelial-specific (endoDll4-/-) and ubiquitous (ubiqDll4-/-) Dll4 loss-of-function 
were analysed. At 18 weeks of age both Dll4 mutants had fewer and smaller tumors than the 
controls (Fig. 9A-E). Endothelial-specific and ubiquitous Dll4 deletion were more effective 
reducing tumor number than individual tumor growth, both in the small and large intestine 
(Fig. 9A-B). Intestinal tumorigenesis, but not the size of the tumors, was more affected in the 
ubiqDll4-/- than in the endoDll4-/- mutants (Fig. 9A-B). Therefore, the overall intestinal tumor 
burden of the ubiqDll4-/- mice was reduced 6.4-fold, while in the endoDll4-/- mice it was 
reduced 4.7-fold (Fig. 9C). 
In the endoDll4-/- tumors, the efficacy of the endothelial-specific Dll4 deletion was evaluated 
through the expression level of the Notch target gene Hey2 (A. Fischer, Schumacher, Maier, 
Sendtner, & Gessler, 2004) that was found to be decreased by 3.9-fold relatively to the 
controls. For the ubiqDll4-/- mutants we measured Dll4 expression, which was reduced 3.4-
fold relatively to the controls (Fig. 10). 
 
Figure 8 - Dll4 is expressed in tumoral Paneth cells and endothelium, and near tumoral 




(A, B) Representative images of the immunofluorescence co-staining of Dll4 (in red) with lysozyme 
(produced by Paneth cells and stained in green) in the ApcMin/+ small  (A) and large (B) intestinal 
adenomas at 18 weeks of age. (C, D) Representative images of the immunofluorescence co-staining 
of Dll4 (in green) with PECAM-1 (in red) in the small (C) and large (D) intestinal adenomas. (E-H) 
Representative images of the immunofluorescence co-staining of Dll4 (in red) with the Lgr5 stem cell 
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marker (in green) in the normal small (E) and large (F) intestine and in adenomas from the small (G) 
and large (H) intestine. Nuclei were counterstained with DAPI  (in blue). One experiment with n = 2 per 
group and 6 fields per animal. Scale bar = 50µm. SI, small intestine; LI, large intestine. 
 
Figure 9 - Endothelial-specific and ubiquitous Dll4 loss-of-function inhibits the ApcMin/+ 
small and large intestine tumor development 
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(A-B) Graphic bars represent the average ± SEM tumor number (A) and volume (B) (mm3) in the small 
and large intestine of induced ApcMin/+ endoDll4-/- and ApcMin/+ ubiqDll4-/- mice versus their controls 
(ApcMin/+ endoDll4+/+ and ApcMin/+ ubiqDll4+/+) at 18 weeks of age. (C) Graphic bars represent the 
average ± SEM tumor burden (mm3) in the whole intestine of the animals described above. One 
experiment with n = 12 per group. *P<0.05; **P<0.01. (D-E) Photographs of the small and large 
intestines (tumors indicated by arrows) collected from the endothelial-specific mutants (D) and from 
the ubiquitous mutants (E) versus the respective controls. 
 
Figure 10 - Confirmation of Dll4 knockout in endothelial-specific and ubiquitous Dll4 
ApcMin/+ mutant tumors 
 
RT-PCR analysis of the Dll4/Notch effector Hey2 relative expression in the ApcMin/+ endoDll4-/- 
intestinal tumors and of Dll4 relative expression in the ApcMin/+ ubiqDll4-/- intestinal tumors, both from 
mice at 18 weeks of age. One experiment with n = 3 per group. The expression of Hey2 and Dll4 was 
normalized to Pecam-1. *P<0.05. 
  
4.1.4.3 Endothelial-specific and ubiquitous Dll4 deletion have similar negative impact 
in the tumor vasculature, promoting hypoxia and apoptosis in the ApcMin/+ tumors 
Given the critical role of Dll4 on tumor angiogenesis (Djokovic et al., 2010; Noguera-Troise et 
al., 2006; Ridgway et al., 2006; Scehnet et al., 2007), we analysed the tumor vasculature, 
hypoxia and apoptosis in the endothelial and ubiquitous mutants. The vascular density of the 
tumors from the small and large intestine was increased similarly in the endoDll4-/- and 
ubiqDll4-/- mice (Fig. 11A-C). The tumor vascular maturity was evaluated as the density of 
smooth muscle cells surrounding the wall of the tumor vessels. In the endoDll4-/- and 
ubiqDll4-/- mice there was a similar reduction of these smooth muscle cells in the blood 
vessels of both small and large intestine tumors (Fig. 11A-B and 11D). The functionality of 
the tumoral vasculature was evaluated by measuring vessel perfusion and extravasation. In 
the endoDll4-/- and ubiqDll4-/- mice the tumors presented a similar reduction of the vascular 
perfusion (Fig. 11E-G) and an equivalent increase of the vascular extravasation in both small 
and large intestine (Fig. 11H-I). 
To evaluate tumor hypoxia, tumoral HIF1α density was measured. Both endoDll4-/- and 
ubiqDll4-/- tumors had an equivalent increase of the hypoxia level in the small and large 
intestine (Fig. 12A-C). 
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The apoptotic index, measured using the TUNEL assay, was similarly increased in the 
tumors of the small and large intestine in endoDll4-/- and ubiqDll4-/- mutants (Fig. 12D-F). 
 
Figure 11 - Endothelial-specific and ubiquitous Dll4 deregulation affects similarly the 

















Figure 11 (continuation) - Endothelial-specific and ubiquitous Dll4 deregulation affects 









Figure 11 (continuation 2) - Endothelial-specific and ubiquitous Dll4 deregulation 





(A, B, E, F, H, I) Immunofluorescence stainings of 20µm small (A, E, H) and large (B, F, I) intestinal 
tumor cryosections from ApcMin/+ endoDll4-/-, ApcMin/+ubiqDll4-/- mice and controls (CT) at 18 weeks of 
age. Scale bars = 100µm. Representative images of staining density for PECAM-1 (in green) and α-
SMA (in red) (A, B), for lectin (in green) and PECAM-1 (in red) (E, F), and for PECAM-1 (in green) and 
Evans blue (in red) (H, I). The nuclei were counterstained with DAPI (in blue). (C, D, G, J) Graphic 
bars represent the relative (%) ± SEM small (SI) and large (LI) intestinal tumor vascular density (C), 
maturity (D), perfusion (G) and extravasation (J) in the animals described above. One experiment with 
n = 6 per group and 6 fields per animal. *P<0.05; **P<0.01. 
 
Figure 12 - Endothelial-specific and ubiquitous Dll4 deregulation promotes equally 




Figure 12 (continuation) - Endothelial-specific and ubiquitous Dll4 deregulation 






(A, B, D, E) Immunofluorescence stainings of 20µm (A, B) and 10µm (D, E) cryosections of small (A, 
D) and large (B, E) intestinal tumors collected from ApcMin/+ endoDll4-/-, ApcMin/+ ubiqDll4-/- and control 
(CT) mice at 18 weeks of age.  Scale bars = 100µm. Representative images of staining density for 
PECAM-1 (in green) and HIF1α (in red) (A, B), and for TUNEL (in green) and PECAM-1 (in red) (D, E). 
The nuclei were counterstained with DAPI (in blue). (C, F) Graphic bars represent the relative (%) ± 
SEM small (SI) and large intestine (LI) tumor hypoxia (C) and tumor apoptotic index (F) in the mice 
described above One experiment with n = 6 per group and 6 fields per animal. *P<0.05; **P<0.01. 
 
4.1.4.4 Ubiquitous deletion of Dll4 has a significantly stronger effect than endothelial-
specific Dll4 deletion in the inhibition of ApcMin/+ tumor proliferation and neoplastic 
transformation  
In addition to its angiogenic effect, Dll4/Notch seems to regulate the intestinal cancer cells 
through other mechanisms (T. Hoey et al., 2009). Therefore, we analysed the effect of 
endothelial-specific versus ubiquitous Dll4 deletion on tumor proliferation. We observed that 
the small and large intestine tumor cell proliferation was reduced in the endoDll4-/- and mainly 
in the ubiqDll4-/- mice (Fig. 13A-C). The ubiqDll4-/- mice exhibited a statistically significant 
stronger reduction of tumor proliferation than the endoDll4-/- mice both in the small and large 
intestine (Fig. 13A-C).  
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Additionally, we analysed if Dll4 deregulation was affecting the ApcMin/+ neoplastic 
transformation. The samples were histopathologically classified in hyperplasia, adenoma with 
low-grade dysplasia and adenoma with high-grade dysplasia (Fig. 14). No adenocarcinoma 
lesions were detected. The ApcMin/+ small and large intestine neoplastic transformation 
seemed to be only delayed in the ubiqDll4-/- mice, as they presented substantially more 
lesions of hyperplasia and less adenomas with high-grade dysplasia comparative to the 
controls in the large and, mainly, in the small intestine (Fig. 13D-E). Thus, in the controls and 
endoDll4-/- mice the majority of the small and large intestine lesions where adenomas with 
high-grade dysplasia, while in the ubiqDll4-/- mice most of the lesions were hyperplasias and 
adenomas with low-grade dysplasia in the small and large intestine, respectively (Fig. 13D-
E). 
 
4.1.4.5 Ubiquitous deletion of Dll4 has a stronger inhibitory effect than the 
endothelial-specific blockade on ApcMin/+ tumor stem cell maintenance independently 
of β-catenin activation 
Recent studies showed that the mitotically active Lgr5-positive and the quiescent Bmi1- 
positive stem cells are responsible for intestinal tumorigenesis (Espersen et al., 2015; 
Maynard et al., 2014; Schepers et al., 2012) and that this is regulated by Notch signaling 
(Lopez-Arribillaga et al., 2015; VanDussen et al., 2012). Therefore, given the observed 
reduction in the ApcMin/+ small and large intestine tumor number in the Dll4 knock-out mice 
compared with the controls, we decided to analyse if Dll4 reduction was affecting the Lgr5+ 
and/or Bmi1+ stem cell expression in the tumors. Compared with the controls, Lgr5 protein 
and gene expression was reduced in the small and large intestine tumors from both mutants, 
but mainly in those from ubiqDll4-/- mice (Fig. 13F-J). Additionally, as previously shown by 
Pellegrinet et al., we did not observe differences in the density of Lgr5-positive stem cells in 
the adjacent normal intestine of the mutants (Pellegrinet et al., 2011) (data not shown). In the 
case of the Bmi1 stem cell marker, its expression was only reduced in the ubiqDll4-/- mice, in 
both small and large intestine tumors (Fig. 13I-J). The differences between the two types of 
Dll4 mutants in the expression of Lgr5 and Bmi1 markers in the small and large intestine 
tumors were statistically significant (Fig. 13F-J). 
Previous reports indicated that Notch signaling seems to maintain the intestinal stem cells by 
transcriptionally repressing the cyclin-dependent kinase inhibitors 1B (Cdkn1b) and 1C 
(Cdkn1c) (Riccio et al., 2008). Accordingly, we observed an increase of Cdkn1b and Cdkn1c 
gene expression only in the ubiqDll4-/- small and large intestine tumors relatively to the 
controls and to the endoDll4-/- mice (Fig. 13I-J). 
Myc and cyclin D1 and D2 are important regulators of intestinal stem cells and are implicated 
in tumor initiation and progression (Cole et al., 2010; Hulit et al., 2004; Ignatenko et al., 
2006). We observed they were all downregulated only in the ubiqDll4-/- small and large 
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intestine tumors, mainly in the first region, relatively to the controls and to the endoDll4-/- mice 
(Fig. 13I-M). 
Given the central role of the Wnt signaling in ApcMin/+ tumorigenesis (Sansom, 2004), we 
measured the tumor density of the Wnt pathway-derived non-phosphorylated (active) β-
catenin to understand if Dll4 ubiquitous and/or endothelial-specific inhibition was affecting 
this pathway. We did not observe statistically significant differences in either of the mutants 
(Fig. 15A-B). 
 
Figure 13 - Ubiquitous deletion of Dll4 has a greater inhibitory effect in the ApcMin/+ 












Figure 13 (continuation) - Ubiquitous deletion of Dll4 has a greater inhibitory effect in 














Figure 13 (continuation 2) - Ubiquitous deletion of Dll4 has a greater inhibitory effect 















(A, B, F, G, K, L) Immunofluorescence stainings of small (A, F, K) and large (B, G, L) intestinal tumor 
cryosections (10µm) from ApcMin/+ endoDll4-/- and ubiqDll4-/- mice versus the controls (CT) at 18 
weeks of age. Representative images of staining density for PCNA (in green) and PECAM-1 (in red) 
(A, B), for Lgr5 (in green) (F, G), and for Cyclin D1 (in green) (K, L). The nuclei were counterstained 
with DAPI (in blue). Scale bars = 100µm. (C, H, M) Graphic bars represent the small (SI) and large 
intestine (LI) tumor proliferation index (C), and the relative tumor Lgr5 (H) and Cyclin D1 (M) density 
(%) ± SEM in the animals described above. One experiment with n = 6 per group and 6 fields per 
animal. (D, E) Graphic bars represent the proportion (%) of hyperplasias and adenomas with low and 
high-grade dysplasia obtained in the histopathological analysis (H&E) of the macroscopic small (D) 
and large (E) intestinal lesions from ApcMin/+ endoDll4-/-, ubiqDll4-/- and control (CT) mice at 18 weeks 
of age. One experiment with n = 12 per group. (I, J) RT-PCR analysis of Lgr5, Bmi1, Cdkn1b, Cdkn1c, 
Myc, Ccnd2 relative expression in the ApcMin/+ endoDll4-/- and ubiqDll4-/- small (I) and large (J) 
























H&E images of the normal small and large intestine, and of a hyperplasia and adenomas with low and 
high-grade dysplasia from these regions, the lesions found in the ApcMin/+ endoDll4-/-, ApcMin/+ ubiqDll4-
/- and controls at 18 weeks of age. One experiment with n = 12 per group. Scale bars = 100µm. 
 
Figure 15 - Dll4 endothelial-specific and ubiquitous deregulation does not affect the 






(A, B) Representative images of the immunofluorescence staining density for non-phosphorylated 
(active) β-catenin (in green) of the small (A) and large (B) intestine tumor cryosections (10µm) from 
ApcMin/+ endoDll4-/- and ApcMin/+ ubiqDll4-/- mice versus controls (CT) at 18 weeks of age. The nuclei 
were counterstained with DAPI (in blue). Scale bars = 100µm. (C) Graphic bars represent the small 
and large intestine relative tumor non-phosphorylated (active) β-catenin density ± SEM in the animals 
described above. One experiment with n = 6 per group and 6 fields per animal. 
 
4.1.4.6 Ubiquitous, but not endothelial-specific deletion of Dll4, promotes epithelial 
differentiation and secretory lineage commitment in the ApcMin/+ tumors 
It has been reported that Notch signaling is required for repression of secretory cell 
differentiation in colon cancer (Sikandar et al., 2010). Blocking this pathway by removal of its 
transcription factor RBP-Jk or by treatment with gamma-secretase inhibitors, causes a 
complete conversion of normal and tumoral intestinal proliferative cells into post-mitotic 
goblet cells (van Es, van Gijn, et al., 2005). This raises the possibility that the observed 
reduction of tumoral stem cells might be related to differentiation towards the secretory cell 
lineages. Therefore we evaluated the density of the epithelial differentiation marker E-
cadherin (Tsanou, Peschos, Batistatou, Charalabopoulos, & Charalabopoulos, 2008) and 
determined the density of Paneth cells in the tumors, by measuring the level of lysozyme 
(which is produced by these cells) and the proportion of goblet cells. Paneth cells are 
normally present only in the small intestine, but previous reports showed Paneth cell 
metaplasia in large intestine adenomas (Wada et al., 1992). 
Relatively to the controls, we found a moderate increase of tumor epithelial differentiation in 
the ubiqDll4-/-, but not in the endoDll4-/-, small and large intestine (Fig. 16A-C). Additionally, 
the density of Paneth cells and mainly the proportion of goblet cells were increased only in 
the ubiqDll4-/- small and large intestine tumors (Fig. 16D-J). The differences between the two 
Dll4 mutants in the level of epithelial differentiation and specifically in the density of Paneth 
and goblet cells were statistically significant (Fig. 16A-J). 
We also measured the relative transcription in the tumors of Akp3, Muc2, Lyz1 and Neurog3 
markers for the enterocyte, goblet, Paneth and neuroendocrine cell populations, respectively, 
and also of the promoters of secretory lineage commitment Atoh1 and Klf4 (Katz et al., 
2002;Yang et al., 2001). Compared with the controls, all the lineage markers evaluated were 
significantly increased in the ubiqDll4-/- tumors, mainly Muc2, and Lyz1 in the small intestine 
and Muc2, Atoh1 and Klf4 in the large intestine (Fig. 16K-L). No significant differences were 







Figure 16 - Ubiquitous, but not endothelial-specific, loss of Dll4 promotes intestinal 

























Figure 16 (continuation) - Ubiquitous, but not endothelial-specific, loss of Dll4 










(A, B, D, E) Immunofluorescence stainings of small (A, D) and large (B, E) intestinal tumor 
cryosections (10µm) from ApcMin/+ endoDll4-/- and ubiqDll4-/- mice versus controls (CT) at 18 weeks of 
age. Representative images of staining density for E-cadherin (in green) (A, B) and lysozyme (in 
green) (D, E). Nuclei were counterstained with DAPI (in blue). Scale bars = 100µm. (C, F) Graphic 
bars represent the tumor relative (%) ± SEM density of E-cadherin (C) and lysozyme (F) in the small 
(SI) and large (LI) intestinal tumors from the animals described above. One experiment with n = 6 per 
group and 6 fields per animal. (G, H) PAS staining (of goblet cells) of paraffin-embedded small (G) and 
large (H) intestinal tumor sections (4µm) from ApcMin/+ endoDll4-/- and ubiqDll4-/- mice versus controls 
(CT) at 18 weeks of age. Scale bars = 100µm. (I, J) Graphic bars represent the relative proportion (%) 
± SEM of goblet cells in the small (I) and large (J) intestinal tumor epithelium from the animals 
described above. One experiment with n = 6 per group and 6 fields per animal. (K, L) RT-PCR 
analysis of Akp3, Muc2, Lyz, Neurog3, Atoh1, Klf4 relative expression in the ApcMin/+ endoDll4-/- and 
ApcMin/+ ubiqDll4-/- small (K) and large (L) intestinal tumor samples. One experiment with n = 3 per 
group. *P<0.05; **P<0.01. 
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4.1.5 Discussion 
Activation of Notch pathway seems to promote intestinal tumorigenesis induced by Apc loss 
(Fre et al., 2009) and Dll4 is one of the Notch signaling pathway components found to be 
upregulated in these tumors (Peignon et al., 2011). Reports have shown that Dll4 inhibition 
delays the tumor growth by deregulating the tumor angiogenic process (Djokovic et al., 2010; 
Noguera-Troise et al., 2006; Ridgway et al., 2006; Scehnet et al., 2007), but in CRC anti-
DLL4 therapy may also reduce the cancer stem cell frequency (M. Fischer et al., 2010; Hoey 
et al., 2009). Despite the advances in the understanding of Dll4/Notch signaling in cancer, 
most of the previous reports were focused on role of Dll4 in the tumor angiogenic process 
and further studies are still needed to unveil all the mechanisms by which Dll4 affects the 
tumor initiation and development in the gut. 
Reports have shown that all Notch receptors, ligands and some of the Notch target genes 
are expressed in the normal gut (Sander & Powell, 2004; Schroder & Gossler, 2002; van Es 
et al., 2005). However, in the ApcMin/+ intestinal tumors their expression has been poorly 
described. A study indicated that expression of Notch receptors and ligands closely follows 
the expression in the normal crypts, while Hes1 expression was observed uniformly in the 
adenomas (van Es et al., 2005). Other report showed that Jagged1 is overexpressed in the 
tumor tissue with concomitant Notch1 and 2 activation (Rodilla et al., 2009). In the present 
work we analysed the protein expression pattern of most Notch pathway members in the 
ApcMin/+ intestinal tumors compared with the normal WT gut. Regarding the previous gene 
expression analysis of Notch members in the normal gut (Sander & Powell, 2004; Schroder 
& Gossler, 2002), we observed some differences in our analysis. These included the 
presence of Notch2 in the bottom of the large intestine crypts, of Notch3 and 4 in the small 
and large intestine epithelium and Hes1 not only in the small intestine crypts (Schroder & 
Gossler, 2002), but diffusely expressed in the small and large intestine.  
Our expression analysis in the ApcMin/+ small and large intestine adenomas confirmed that the 
Notch pathway is present and activated in intestinal adenomas harbouring Apc mutations 
(Fre et al., 2009; Peignon et al., 2011; Rodilla et al., 2009; van Es et al., 2005). Dll4 and 
Jagged1 were more expressed in these tumors than the other members of this pathway. 
Comparing the adenomas with the normal WT gut we found that Jagged2 and Dll3 partially 
lose their expression (the last only in the large intestine). We observed a different expression 
pattern of Dll4, all Notch receptors (with regional variation) and Hes5 in the tumor epithelium. 
The same Notch members and Hes1, instead of Hes5, seemed upregulated in the adenomas 
(Notch3 only in the large intestine). Thus our expression analysis indicates that in the ApcMin/+ 
small and large intestine adenomas, Dll4 is the most upregulated ligand and is present both 
in the tumor epithelium and endothelium.  
In the normal gut Dll4 acts redundantly with Dll1 mediating the Notch signaling regulation of 
the intestinal stem cells proliferation and their commitment towards de secretory cell fate 
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(Pellegrinet et al., 2011).  We found that Dll4 is expressed near the Lgr5+ stem cells also in 
the intestinal tumors, therefore indicating a possible role of this ligand in the maintenance of 
also the tumor stem cells. These stem cells are believed to be responsible for tumor initiation 
and progression (Barker et al., 2009; Boman & Wicha, 2008) and depend on proper 
angiogenesis to function and survive (Zhao et al., 2011). Therefore we intended to elucidate 
if Dll4 also regulates the fate of tumor stem cells beside its angiogenic effect in a 
spontaneous model of CRC, the ApcMin/+ mouse. To address this question we compared 
ubiquitous with endothelial-specific Dll4 loss-of-function mouse mutants. Our results 
highlighted the importance of Dll4 angiogenic and epithelial effect during intestinal ApcMin/+ 
tumor initiation and development rather than in maintaining the normal gut homeostasis. 
Pellegrinet el al. reported that in the normal gut, Dll4 intestinal epithelial-specific inhibition 
alone is not sufficient to promote a phenotype due to redundant Dll1-mediated Notch 
signaling (Pellegrinet et al., 2011). This lack of intestinal effect after Dll4 inhibition can also 
be related to the fact that in the normal gut simultaneous inhibition of Notch1 and 2 is 
necessary to result in complete conversion of the crypt progenitors into postmitotic goblet 
cells (Riccio et al., 2008) and it is not known whether Dll4 can activate both receptors in the 
gut. Nevertheless, our results show that Dll4 seems at least partially responsible for the 
known effects of Notch activation during intestinal tumorigenesis, as Dll4 ubiquitous deletion 
led to a similar, but less pronounced, epithelial phenotype as the pan-Notch/gamma-
secretase inhibition in the ApcMin/+ tumors (van Es et al., 2005). However, as the alterations 
were moderated with no macroscopic repercussions (no observed increase of mucus 
secretion) in the ubiquitous Dll4 mutants’ gut, Dll1 may partially compensate the lack of Dll4 
in this setting and/or Dll4 may not activate both Notch1 and 2 receptors. In addition, as we 
only analysed the Lgr5 and Bmi1 positive stem cell populations, it is not certain if this 
pathway can affect similarly all the stem cells present in the intestinal tumors. 
We found that ubiquitous and endothelial-specific Dll4 blockade led to a similar phenotype in 
the small and large intestine, but a stronger effect on tumor initiation was observed in the 
small intestine and a greater impact on tumor growth was seen in the large intestine. 
By comparing the ubiquitous mutants with the endothelial-specific knockouts we found that 
the observed epithelial phenotype is probably caused by the deregulation of the tumor 
angiogenesis but also by other important mechanisms. Both ubiquitous and endothelial-
specific mutants had a similar angiogenic phenotype, with similarly increased hypoxia and 
apoptosis leading to similar reduction of the tumor volume. Therefore, Dll4 deletion inhibited 
the intestinal tumor growth mainly by inducing a dysfunctional and immature angiogenesis 
that led to hypoxia and therefore apoptosis as previously reported in other tumor models 
(Djokovic et al., 2010; Noguera-Troise et al., 2006; Ridgway et al., 2006; Scehnet et al., 
2007). 
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The multiplicity of tumors was also reduced in the mutants relatively to their controls and this 
effect was more pronounced in the ubiquitous than in the endothelial-specific mutants, 
associated to a stronger reduction of tumor cell proliferation and tumor stem cell density in 
the first mutants. The stronger inhibitory effect on tumor cell proliferation through Dll4 
ubiquitous deletion may have therefore prevented the accumulation of more mutations that 
lead to tumor initiation, promote the transition of microadenomas to macroadenomas and 
favor the neoplastic transformation. Therefore in the intestinal adenomas, Dll4 seems to 
promote proliferation and maintain the stem cells through angiogenic, but also non-
angiogenic related mechanisms. Indeed we observed decreased expression of Myc, cyclin 
D1 and D2, independently of β-catenin activation, only in the ubiqDll4-/- tumors.   
The Wnt signaling has been considered a crucial player in the initiation of CRC associated to 
inactive mutations in the APC gene (Fearnhead et al., 2001). Nuclear accumulation of β-
catenin promotes neoplastic conversion by triggering the cell cycle-regulators Cyclin D1 and 
D2 and Myc and, consequently, uncontrolled cell proliferation contributing to tumor 
progression (Cole et al., 2010; He et al., 1998; Tetsu & McCormick, 1999). Notch signaling 
seems to cooperate with Wnt signaling to trigger intestinal tumorigenesis, as activation of 
Notch in Apc mutant mice led to a significant increase in the number of adenomas developed 
(Fre et al., 2009). Additionally, a previous study indicated that Jagged1 was the link between 
Wnt and Notch pathways in the ApcMin/+ tumorigenesis, where β-catenin seems to 
transcriptionally activate Jagged1 (Rodilla et al., 2009). However, it has been shown that the 
Mastermind-like 1 co-activator of Notch pathway can bind to the promoters of Cyclin D1 and 
Myc in colon cancer cell lines (Alves-Guerra, Ronchini, & Capobianco, 2007) and these 
molecules are activated directly by Notch1 in other types of cancer (Efstratiadis, Szabolcs, & 
Klinakis, 2007) and possibly Cyclin D1 in CRC (Gopalakrishnan, Saravanakumar, 
Madankumar, Thiyagu, & Devaraj, 2014). It has been also demonstrated that Cyclin D2 and 
Myc are also induced by Notch1 to promote stem cell renewal in another setting (Satoh et al., 
2004). Additionally, the overexpression of Dll4 in a leukemia cell line led to increased protein 
expression of Myc (Shi & Rui, 2011). Therefore, during ApcMin/+ tumorigenesis Dll4/Notch 
signaling may directly upregulate the expression of Cyclin D1 and D2 and Myc. We observed 
that Dll4 deletion reduced tumorigenesis without affecting β-catenin nuclear accumulation 
and thus Wnt activation. Therefore, Dll4/Notch activation may promote intestinal 
tumorigenesis by angiogenic and non-angiogenic mediated mechanisms in a β-catenin 
independent manner. The non-angiogenic related regulation may include a synergistic effect 
of Dll4/Notch with Wnt signaling to promote tumorigenesis by increasing the transcription of 
important Wnt target genes.  
In addition, Dll4 ubiquitous inhibition upregulated the zinc finger-containing transcription 
factor KLF4 in the ApcMin/+ tumors. KLF4 is a cell proliferation inhibitor and can act as a tumor 
suppressor, being normally downregulated in ApcMin/+ tumors and in early stages of human 
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CRC (Evans & Liu, 2008). The loss of one of its alleles increases ApcMin/+ tumorigenesis, 
possibly by derepressing β-catenin mediated gene expression (Ghaleb et al., 2007). Another 
work indicated that Notch signaling supresses KLF4 expression in intestinal tumors and 
colorectal cancer cells (Ghaleb et al., 2008). Our results indicate that Dll4 seems to be the 
ligand responsible for this Notch-mediated phenotype. Therefore, Dll4/Notch may promote 
carcinogenesis by upregulating the transcription of Wnt target genes through KLF4 
downregulation in the Apc mutated tumors. Previous work indicated that Hes1 
downregulation by Notch inhibition derepresses Atoh1, which seems to induce KLF4 
upregulation to promote goblet cell differentiation in a redundant manner (Ghaleb, Aggarwal, 
Bialkowska, Nandan, & Yang, 2008; Vooijs et al., 2011). However, it seems that Hes1 may 
act both upstream and downstream of Atoh1 to negatively regulate KLF4 (Vooijs et al., 
2011). We found that in the ubiquitous, but not in the endothelial-specific, Dll4 knockouts, the 
reduction of Lgr5 and Bmi1 positive tumor stem cell density was accompanied with increased 
tumor epithelium differentiation with a moderate deviation towards the secretory lineages, 
probably due to the observed Atoh1 and Klf4 overexpression by Hes1 downregulation as it 
occurs when Notch signaling is inhibited (Ghaleb et al., 2008; van Es et al., 2005). This 
indicates that besides the effect on angiogenesis, Dll4/Notch signaling seems to have an 
additional role maintaining the tumor stem cells undifferentiated.  
Additionally, Dll4/Notch ubiquitous inhibition promoted the transcription of the cell cycle 
regulators cyclin-dependent kinase (CDK) inhibitors Cdkn1b and Cdkn1c in the ApcMin/+ 
tumors. A previous report showed that inactivation of Notch1 and 2 in the normal gut is 
associated with derepression of these CDK inhibitors (Riccio et al., 2008). This phenotype 
was completely abrogated in the absence of Atoh1 (Kim & Shivdasani, 2011), a molecule 
that is also considered to act as a tumor suppressor in CRC (Kazanjian & Shroyer, 2011). 
Therefore, Dll4/Notch inhibition may also negatively affect the tumor stem cell populations 
through Atoh1 derepression-mediated upregulation of the CDK inhibitors Cdkn1b and 
Cdkn1c. 
In summary, we show that Dll4 seems to be the ligand responsible, at least partially, for the 
previously reported Notch effects during intestinal tumor development. Dll4/Notch deletion 
seems to inhibit the initiation and development of intestinal tumorigenesis through angiogenic 
and non-angiogenic related mechanisms independently of β-catenin activation and without 
affecting the normal gut. The non-angiogenic associated effects mediated by this pathway 
blockade may include the inhibition of tumor cell proliferation, the neoplastic transformation, 
the maintenance of the tumor stem cells and the promotion of epithelial differentiation mainly 
towards the secretory cell lineages. 
Thus, despite the need for further studies, Dll4/Notch blockade appears to be a good 
candidate strategy to prevent CRC in patients predisposed to this disease and should also 
be considered in the treatment of early stages of CRC. 
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4.2 Chapter II – Delta-like 4 endothelial overexpression decreases the vascularity of 
intestinal adenomas in ApcMin/+ mice reducing tumor multiplicity and growth  
Badenes, M., Trindade, A., Pissarra, H., Costa, L., Duarte, A. 
 
4.2.1 Abstract 
The growth of solid tumors depends on adequate angiogenesis, which is tightly regulated by 
Delta-like 4 (Dll4)/Notch signaling. Tumorigenesis is driven by the tumor stem cells, whose 
maintenance also requires functional angiogenesis within the tumors. Dll4 endothelial 
function has been shown to be extremely dependent on expression levels. The inhibition of 
Dll4/Notch signaling blocks tumor growth by deregulating angiogenesis, and tumor stem cell 
frequency in colorectal cancer (CRC). However, some side effects associated with chronic 
inactivation of this pathway have been described. Furthermore, there are concerns that its 
pro-angiogenic effect may reduce the effectiveness of chemotherapy and select for more 
malignant cells or that the nonfunctional vessels may normalize. Therefore, we tested how 
the alternative approach of genetically stimulating endothelial Dll4/Notch signaling would 
affect the intestinal tumor development in the ApcMin/+ mouse model of CRC. We found that 
Dll4 endothelial overexpression led to reduced tumorigenesis and tumor growth, associated 
with reduced tumor proliferation, Lgr5 positive stem cell frequency and angiogenesis. The 
tumors presented more mature and functional vasculature, but the reduction of the vascular 
density resulted in increased hypoxia and promoted apoptosis. It did not, however, affect the 
neoplastic transformation. Therefore, promoting endothelial Dll4/Notch signaling may 



















Angiogenesis is tightly associated to tumor growth (Folkman, 1990). The angiogenic switch 
occurs in the early development of cancer, where vascular endothelial growth factor (VEGF) 
signaling promotes endothelial cell proliferation, migration and sprouting (Takahashi, Ellis, & 
Mai, 2003). Dll4/Notch signaling acts as a negative feedback regulator of VEGF-induced 
endothelial cell function, by reducing the expression of VEGFR2 and Neuropilin-1 and by 
modulating  tip cell function (Hellstrom et al., 2007; Williams et al., 2006).  
Inhibition of Dll4/Notch signaling is being tested as a novel molecular strategy to treat cancer, 
as the blockade of this pathway in several types of cancer, including CRC, leads to 
dysfunctional vessel proliferation that impairs tumor growth (Djokovic et al., 2010; Noguera-
Troise et al., 2006; Ridgway et al., 2006; Scehnet et al., 2007). In CRC, anti-Dll4 therapy also 
reduced the frequency of tumor stem cells (M. Fischer et al., 2010; Hoey et al., 2009) that 
are responsible for tumor initiation, development and resistance to conventional therapy 
(Rosen & Jordan, 2009) and seem to interact closely with angiogenesis (Zhao et al., 2011). 
However, chronic inhibition of Dll4/Notch pathway has been shown to promote toxicity 
through pathological activation of endothelial cells, disruption of the normal organ 
homeostasis and induction of benign vascular tumors (Djokovic et al., 2010; J. L. Li et al., 
2010; Minhong Yan et al., 2010). In addition, there is concern about that Dll4 inhibition-
mediated angiogenic defects, namely an increase in density of non-functional blood vessels, 
that may eventually become normalized due to the known high plasticity of tumor vessels 
(Mancuso et al., 2006), which would then favour tumor expansion due to increased 
perfusion.  Furthermore, the reduced vascular function caused by anti-Dll4 approaches may 
also impair the delivery of chemotherapeutics to the tumor site and the subsequent hypoxia 
can promote the selection of more malignant tumor cells (Hayden, 2009). 
The activation of Dll4, that negatively regulates VEGF-induced angiogenesis (Williams et al., 
2006), may therefore represent a beneficial alternative strategy to treat cancer by inhibiting 
angiogenesis, and as with anti-VEGF inhibitors, by possibly improving the delivery of 
chemotherapeutic drugs through normalization of the tumor vasculature (Jain, 2005). Indeed, 
a study demonstrated that overexpression of Dll4 in tumor cells inhibits the VEGF-mediated 
growth of co-cultured endothelial cells (Segarra et al., 2008). However there is contradictory 
information regarding the effect of Dll4/Notch pathway activation on tumor growth (J. L. Li et 
al., 2007; Segarra et al., 2008). While the upregulation of Dll4 in xenograft models of Burkitt 
lymphoma, plasmacytoma and myelomonocytic leukemia reduced tumor growth (Segarra et 
al., 2008), in glioblastoma and prostate cancer xenografts it had the opposite effect on tumor 
growth by decreasing hypoxia and apoptosis (J. L. Li et al., 2007). Therefore, we wanted to 
evaluate if endothelial activation of Dll4 could be beneficial as an anti-tumor strategy, 
particularly in CRC, as this was never studied in this type of cancer. For that we analyzed 
endothelial-specific Dll4 gain-of-function in the widely used ApcMin/+ mouse model of CRC 
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(McCart, Vickaryous, & Silver, 2008; Su et al., 1992). We decided to use Dll4 gain-of-function 
mice specifically in the endothelium and not in tumor cells, because previous studies indicate 
that in the gut epithelium Dll4 may promote cancer rather than inhibit it (Hoey et al., 2009) 
 
4.2.3 Methods 
4.2.3.1 Experimental animals 
Mutant C57BL/6J-ApcMin/+ (ApcMin/+) mice were purchased from the Jackson Laboratory (Bar 
Harbor, ME). 
The endoDll4OE mutants were obtained by crossing ApcMin/+ mice with TetO7-Dll4 mice 
crossed with Tie2-rtTA mice (ApcMin/+ TetO7-Dll4+:Tie2-rtTA+). Doxycycline (2mg/ml in 
drinking water with 1% of sugar from week 13) was given to double transgenic offspring 
throughout the experiment, inducing endothelial-specific transgene expression. The control 
mice used were ApcMin/+ TetO7-Dll4- Tie2-rtTA+ and were induced with doxycycline as 
reported above.  
 
4.2.3.2 Macroscopic analysis 
The mice were sacrificed at 18 weeks of age and their small and large intestine was excised, 
flushed and opened longitudinally. The macroscopic small and large intestine tumors were 
counted and measured with a calliper under the dissection microscope. Tumor volume was 
calculated assuming a hemispherical shape for the small bowel tumors and a spherical 
shape for large intestine tumors. The volumes of all tumors from each mouse were added to 
give the overall tumor burden per animal. The small and large intestine tumors and livers 
were collected. 
 
4.2.3.3 Histopathological analysis 
The collected samples were fixed in 10% formalin solution for 48h, dehydrated in alcohol, 
cleared in xylene, embedded in paraffin, sectioned at 4µm and stained with hematoxylin 
(Fluka AG Buchs SG Switzerland) and eosin Y (Sigma, St. Louis, MO) for histopathological 
analysis. The lesions observed on the H&E sections from ApcMin/+ mice were classified as 
hyperplasias, when only an increase of the number of cells was observed, or as adenomas 
with low and high-grade dysplasia based on the alterations of the shape of the nucleus, the 
nucleus to cytoplasm ratio, cell polarity, chromatin pattern, and changes in gland 
architecture. Periodic Acid-Schiff (PAS) staining (Sigma, St. Louis, MO) was used to mark 
the intestinal goblet cells. These cells were counted in the intestine PAS stained sections 





4.2.3.4 Immunofluorescence analysis 
Small and large intestine tumors were fixed in a 4% (w/v) paraformaldehyde in PBS solution 
at 4ºC for 1h, cryoprotected in 15% (w/v) sucrose in PBS solution, embedded in 7.5% (w/v) 
gelatin in PBS solution, snap frozen in liquid nitrogen and cryosectioned in 10 and 20µm-
thick sections. The following primary antibodies were used: anti-PECAM-1 (557355), anti-E-
cadherin (560061) (BD Biosciences, San Jose, USA), anti-α-SMA (ab5694), anti-PCNA 
(ab18197), anti-Lgr5 (ab75732), anti-HIF1α (ab85866), anti-Cyclin D1 (ab21699) (Abcam, 
Cambridge, UK), anti-lysozyme (A009902-2, Dako, Glostrup, Denmark), anti-non-phospho 
(active) β-catenin (8814, Cell Signaling Technology, Danvers, USA). Species-specific 
secondary antibodies conjugated with Alexa Fluor 488 and 594 (Invitrogen, Carlsbad, CA) 
were used to reveal primary antibody binding. Tissue sections were incubated with primary 
antibody overnight at 4°C and with secondary antibody for 1h at room temperature. Nuclei 
were counterstained with 4´, 6-diamidino-2-phenylindole dihydrochloride hydrate (DAPI; 
Molecular Probes, Eugene, OR).  
Fluorescent immunostained sections were examined under a Leica DMRA2 fluorescence 
microscope with Leica HC PL Fluotar 10 and 20X/0.5 NA dry objective, captured using 
Photometrics CoolSNAP HQ, (Photometrics, Friedland, Denmark), and processed with 
Metamorph 4.6-5 (Molecular Devices, Sunnyvale, CA, US). Morphometric analyses were 
performed using the NIH ImageJ 1.37v program. After transforming the RGB images into 
binary files, the percentage of white pixels per field was defined as a positive signal. 
Under the effect of 2-2-2 tribromoethanol anaesthesia, biotin-conjugated lectin from 
Lycopersicon esculentum (100µg/100µl of PBS) or 1% Evans’ Blue solution (Sigma, St. Luis, 
MO, US) were administered in the caudal vein to mark vessel perfusion and extravasation, 
respectively. Both solutions were allowed to circulate for 5 minutes before the vasculature 
was transcardially perfused with 4% (w/v) paraformaldehyde in PBS solution for 3 minutes. 
Tumor samples were collected and processed as described above. Tissue sections were 
stained and tumor perfusion was quantified by determining the percentage of red PECAM-
positive structures that were co-localized with Streptavidin-Alexa 488 (Invitrogen, Carlsbad, 
CA, US) signals.  Evans’ Blue is red fluorescent and extravasation was visualized in contrast 
to green fluorescent vascular structures.   
Apoptosis was measured using the TUNEL assay (Roche, Mannheim, Germany). 
 
4.2.3.5 Quantitative transcriptional analysis 
Intestinal tumors from the mutant mice were snap frozen in liquid nitrogen until RNA 
extraction (Qiagen RNeasy). Using the SuperScript® III First-Strand Synthesis SuperMix for 
qRT-PCR (Invitrogen, Carlsbad, CA, USA), first-strand cDNA was synthesized from total 
RNA. Real-time PCR analysis was performed using specific primers. Primer pair sequences 
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are reported on Annex II. Gene expression was normalized to β-actin and in the case of 
genes expressed in the vasculature it was additionally normalized to Pecam-1. 
 
4.2.3.6 Statistical analysis 
To compare measurements between control and test groups, the Mann-Whitney-Wilcoxon 
test was performed using the Statistical Package for the Social Sciences v15.0 (Chicago, IL). 
Results are presented as relative average ± SEM. P-values <0.05 and <0.01 were 
considered significant (*) and highly significant (**), respectively. 
 
4.2.4 Results 
4.2.4.1 Endothelial Dll4 overexpression inhibits the ApcMin/+ tumor initiation and 
development  
One of the strategies being used to treat cancer, including CRC, is based on targeting the 
tumoral angiogenesis (Kubota, 2012). However, anti-angiogenic therapies have been 
associated with side effects and lack of efficacy due to the development of treatment 
resistance (Vasudev & Reynolds, 2014). Therefore there is a great need to improve anti-
cancer angiogenesis targeting therapies. Anti-Dll4 therapeutic approaches have been 
demonstrated to cause a non-productive pro-angiogenic effect that delays tumor growth 
(Djokovic et al., 2010; Noguera-Troise et al., 2006; Ridgway et al., 2006; Scehnet et al., 
2007). However safety concerns have been raised about this therapeutic strategy (Djokovic 
et al., 2010; J. L. Li et al., 2010; Minhong Yan et al., 2010). Thus we explored the alternative 
approach of stimulating Dll4/Notch signaling. A report showed that Dll4 endothelial 
overexpression reduces the vascular density during physiological angiogenesis (Alexandre 
Trindade et al., 2012), which may also occur in a tumoral setting. Therefore we analysed the 
effect of Dll4 endothelial gain-of-function (endoDll4OE) in ApcMin/+ mouse model that mimics 
human CRC (McCart et al., 2008; Su et al., 1992; Yasuhiro Yamada & Mori, 2007). We found 
that, interestingly, Dll4 endothelial upregulation inhibited both the ApcMin/+ intestinal 
tumorigenesis and tumor growth (Fig. 17A-D). Specifically, compared with the controls, the 
endoDll4OE mice had a 2.5- and 1.7-fold reduction of the tumor number in the small and 
large intestine, respectively and a 1.7- and 2.2-fold reduction of the tumor volume, 
respectively (Fig. 17A and B). Therefore, they had a 4.2-fold reduction of the overall tumor 
burden (Fig. 17C). 
We found no macroscopic toxic effect in the endoDll4OE mice or vascular lesions in the liver, 
which have been reported after chronic Dll4 blockade (Djokovic et al., 2010; J. L. Li et al., 
2010; Minhong Yan et al., 2010). 
To confirm the endothelial-specific Dll4 gain-of-function we evaluated the expression of Hey2 
normalized to Pecam-1 and observed that Hey2 expression had a 6-fold increase in the 
endoDll4OE mice (Fig. 18). 
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Figure 17 - Dll4 endothelial-specific overexpression delays the tumor initiation and 

























(A-B) Graphic bars represent the average ± SEM tumor number (A) and volume (mm3) (B) in the small 
and large intestine of induced ApcMin/+ endoDll4OE mice versus controls (CT) at 18 weeks of age. (C) 
Graphic bars represent the average ± SEM tumor burden (mm3) in the whole intestine of the animals 
described above. One experiment with n = 12 per group. *P<0.05; **P<0.01. (D) Photographs of the 




















Graphic bars represent the relative expression of the Dll4/Notch pathway effector Hey2 ± SEM, 
analyzed by RT-PCR and normalized to Pecam-1, in the tumors of ApcMin/+ endoDll4OE mice at 18 
weeks of age. One experiment with n = 3 per group. **P<0.01. 
 
4.2.4.2 Endothelial overexpression of Dll4 promotes apoptosis by inhibiting 
angiogenesis in the ApcMin/+ tumors 
We evaluated the endothelial phenotype and the level of hypoxia and apoptosis in the 
endoDll4OE tumors relatively to their controls. As expected, endoDll4OE led to the opposite 
effect of Dll4 inhibition on tumor angiogenesis (Djokovic et al., 2010; Noguera-Troise et al., 
2006; Ridgway et al., 2006; Scehnet et al., 2007). Dll4 endothelial overexpression had an 
anti-angiogenic effect, reducing the endothelial proliferation and new vessel formation, but 
promoted individual vessel maturity and functionality in the ApcMin/+ small and large intestine 
tumors. In the endoDll4OE tumors the vascular density was strongly decreased in the small 
and large intestine, while the vascular maturity was mildly increased in both regions (Fig. 
19A-D). The vascular perfusion was also mildly increased in the small and large intestine, 
respectively (Fig. 19E-G) and the vascular extravasation was strongly decreased in both 
regions (Fig. 19H-J). However, we observed that the endoDll4OE mice had also increased 
tumor hypoxia and apoptosis despite their improved vessel competence both in the small 













Figure 19 - Dll4 endothelial-specific overexpression inhibits angiogenesis, despite 




(A, B, E, F, H, I) Immunofluorescence stainings of 20µm small (A, E, H) and large (B, F, I) intestine 
tumor cryosections from ApcMin/+ endoDll4OE mice versus controls (CT) at 18 weeks of age. The cell 
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nuclei were stained with DAPI (in blue). Scale bars = 100µm. Representative images of staining 
density for PECAM-1 (in green) and α-SMA (in red) (A, B), for lectin, (in green) and PECAM-1 (in red) 
(E, F), and for PECAM-1 (in green) and Evans’ blue (in red) (H, I). (C, D, G, J) Graphic bars represent 
the relative tumor vascular density (C), maturity (D), perfusion (G) and extravasation (J) ± SEM in the 
animals described above. One experiment with n = 6 per group and 6 fields per animal. *P<0.05; 
**P<0.01. 
 


























(A, B, D, E) Immunofluorescence stainings of 20µm (A, B) and 10µm (D, E) small (A, D) and large (B, 
E) intestine tumor cryosections from ApcMin/+ endoDll4OE mice versus controls (CT) at 18 weeks of 
age.  Nuclei were counterstained with DAPI  (in blue). Scale bars = 100µm. Representative images of 
staining density for PECAM-1 (in green) and HIF1α (in red) (A, B), and for TUNEL (in green) and 
PECAM-1 (in red) (D, E). (C, F) Graphic bars represent the relative tumor hypoxia (C) and apoptosis 
index (F) ± SEM in the animals described above. One experiment with n = 6 per group and 6 fields per 
animal. *P<0.05; **P<0.01. 
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4.2.4.3 Endothelial overexpression of Dll4 decreases proliferation and Lgr5+ stem cell 
density, without affecting the neoplastic transformation and differentiation, in the 
ApcMin/+ tumors 
As endothelial Dll4 overexpression reduced ApcMin/+ intestinal tumor initiation, we decided to 
evaluate if it affected the Apc loss-of-function mediated activation of protumorigenic β-
catenin (Fearnhead, Britton, & Bodmer, 2001). We also measured the level of tumor 
proliferation and the density of tumor stem cells expressing the marker leucine-rich repeat-
containing G-protein-coupled receptor 5  (Lgr5), as these cells have been described to be 
associated with CRC initiation and progression (Schepers et al., 2012).  
The activation of β-catenin in the small and large intestine tumors was not affected by 
endothelial overexpression of Dll4  (Fig. 21A-B). Nevertheless, the level of tumor proliferation 
was mildly reduced in the endoDll4OE small and large intestine, (Fig. 22A-C) and the level of 
Lgr5+ tumor stem cells was also slightly decreased in both regions (Fig. 22D-F). 
As a previous report indicated that Notch1 signaling may regulate the Cyclin D1-mediated 
colon cancer cell proliferation (Gopalakrishnan, Saravanakumar, Madankumar, Thiyagu, & 
Devaraj, 2014), we also measured the expression of this cell cycle regulator. We found no 
differences in the expression of Cyclin D1 in the endoDll4OE small and large intestine tumors 
(Fig. 23A-B).  
We also performed a histopathological analysis and measured in the ApcMin/+ tumors the 
density of the epithelial differentiation marker E-cadherin (Tsanou et al., 2008) that revealed 
no differences in the neoplastic transformation/tumor differentiation of the endoDll4OE 
tumors compared with the controls (Fig. 22G-I). In addition, as Dll4/Notch signaling promotes 
enterocyte/colonocyte differentiation commitment (Pellegrinet et al., 2011) we evaluated if 
the differentiation was being deviated towards the secretory lineages in the endoDll4OE 
ApcMin/+ tumors, by measuring the density of Paneth cells and the proportion of goblet in the 
small and large intestine tumor epithelium, but we did not find any differences relatively to the 













Figure 21 - Dll4 endothelial-specific overexpression does not affect the activation of β-












(A, B) Immunofluorescence stainings of the small (A) and large (B) intestine tumor cryosections 
(10µm) from ApcMin/+ endoDll4OE mice versus controls (CT) at 18 weeks of age. Representative 
images of staining density for active β-catenin (in green). Nuclei were counterstained with DAPI  
(in blue). Scale bars = 100µm. The level of tumor active β-catenin was similar in the two groups both 
in the small (A) and large (B) intestine. (C) Graphic bars represent the relative tumor active β-catenin 
density ± SEM in the animals described above. One experiment with n = 6 per group and 6 fields per 
animal.  
 
Figure 22 - Endothelial overexpression of Dll4 decreases proliferation and Lgr5+ stem 








Figure 22 (continuation) - Endothelial overexpression of Dll4 decreases proliferation 
and Lgr5+ stem cell density, not affecting the neoplastic progression and 
































(A, B, D, E, H, I) Immunofluorescence stainings of the small (A, D, H) and large (B, E, I) intestine 
tumor cryosections (10µm) from ApcMin/+ endoDll4OE mice versus controls (CT) at 18 weeks of age. 
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Nuclei were counterstained with DAPI  (in blue). Scale bars = 100µm. Representative images of 
staining density for PCNA (in green) and PECAM-1 (in red) (A, B), for Lgr5 (in green) (D, E), and for E-
cadherin (in green) (H, I). (C, F, J) Graphic bars represent the small and large intestine tumor 
proliferation index (%) ± SEM (C) and the relative tumor Lgr5 (F) and E-cadherin (J) density (%) ± 
SEM in the animals described above. One experiment with n = 6 per group and 6 fields per animal. 
*P<0.05; **P<0.01. (G) Graphic bars represent the proportion (%) of hyperplasias and adenomas with 
low and high-grade dysplasia obtained in the histopathological analysis (H&E) of the macroscopic 
small and large intestine lesions from ApcMin/+ endoDll4OE mice versus their controls (CT) at 18 
weeks of age. One experiment with n = 12 per group. 
 
Figure 23 - Endothelial Dll4 overexpression seems independent of Cyclin D1 protein 













(A, B) Immunofluorescence stainings of the small (A) and large (B) intestine tumor cryosections 
(10µm) from ApcMin/+ endoDll4OE mice versus controls (CT) at 18 weeks of age. Representative 
images of staining density for Cyclin D1 (in green). Nuclei were counterstained with DAPI  (in blue). 
Scale bars = 100µm. The tumor Cyclin D1 density was similar in both groups in the small (A) and large 
(B) intestine. One experiment with n = 6 per group and 6 fields per animal. 
 
4.2.5 Discussion 
VEGF-targeting anti-angiogenic therapy is being successfully used as an adjuvant in 
metastatic CRC therapeutic protocols (J. J. Lee & Chu, 2014). However, this strategy is 
associated with the development of some toxic effects and treatment resistance (Vasudev & 
Reynolds, 2014). Furthermore, it has failed in the adjuvant setting in non-metastatic CRC 
(Allegra et al., 2013; de Gramont et al., 2012). Therefore, there is a need for improved 
angiogenesis targeting therapies. The Notch ligand Dll4 is a known critical regulator of tumor 
angiogenesis (Djokovic et al., 2010; Noguera-Troise et al., 2006; Ridgway et al., 2006; 
Scehnet et al., 2007) and its function seems to be extremely dose-dependent (Duarte, 2004; 
Alexandre Trindade et al., 2012). The inhibition of Dll4 has been proven to promote immature 
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and dysfunctional vessel proliferation that results in poor blood supply and therefore tumor 
growth inhibition in several types of cancer, including CRC (Djokovic et al., 2010; Hoey et al., 
2009; Noguera-Troise et al., 2006; Ridgway et al., 2006; Scehnet et al., 2007). However, 
concerns were raised concerning the long-term safety of Dll4 blockade-based therapies as 
they can lead to potentially significant toxicity (Djokovic et al., 2010; J. L. Li et al., 2010; 
Minhong Yan et al., 2010), hypoxia-induced increased tumor malignancy (Hayden, 2009), 
limited concomitant chemotherapy effectiveness by reducing the vessel competence, and 
therapy resistance by vascular defect self-repair and reperfusion. 
It was demonstrated that Dll4 upregulation blocks VEGF-induced endothelial cell function 
(Williams et al., 2006). This introduced the idea that Dll4 overexpression could be exploited 
therapeutically to modulate angiogenesis. A previous study indicated that tumoral Dll4 
overexpression reduces the vascular density in cancer (J. L. Li et al., 2007; Segarra et al., 
2008). However, this approach can have opposite effects on tumor growth in different types 
of cancer by reducing or increasing the tumor hypoxia and apoptosis, by affecting differently 
the tumor vascular competence. As this strategy was never studied in CRC, we decided to 
evaluate if Dll4 endothelial activation could be beneficial to treat it, using the ApcMin/+ mouse 
model.  
We found that in the ApcMin/+ small and large intestine Dll4 endothelial-specific 
overexpression inhibited the tumor growth as demonstrated previously by Dll4 overall 
activation in a xenograft model of blood related cancer types (Segarra et al., 2008). 
Interestingly, we also found some effect reducing the ApcMin/+ small and large intestine 
tumorigenesis. We found that the phenotype was similar in the small and large intestine, but 
affected more the tumor multiplicity in the small intestine and the tumor growth in the large 
intestine. A previous work showed that in colon cancer the activation of Notch1 may promote 
Cyclin D1-mediated proliferation (Gopalakrishnan et al., 2014). However, this effect was not 
observed after Dll4 activation in the endothelium. On the contrary, we found reduced tumor 
cell proliferation and mild inhibition of Lgr5 positive tumor stem cell maintenance, that are 
responsible for CRC initiation (Schepers et al., 2012), and these effects seemed independent 
of Wnt/β-catenin activation. As previous reports have shown that tumor stem cells depend on 
competent angiogenesis (Zhao et al., 2011), probably an endothelial Dll4 overexpression 
VEGF-mediated anti-angiogenic effect impaired the blood supply needed to support and 
maintain the tumor stem cells and the proliferative capacity of tumor cells. However, it was 
demonstrated that VEGF signaling could also contribute for the maintenance of tumor stem 
cells and for tumor initiation independently of angiogenesis (Goel & Mercurio, 2013). 
Nevertheless, a previous report indicated that anti-VEGF therapy only reduced the ApcMin/+ 
tumor size through inhibition of angiogenesis, but not the number of tumors, indicating that 
VEGF signaling in the ApcMin/+ model is not important in the establishment of early adenomas 
before the angiogenic switch (Korsisaari et al., 2007). Therefore, further studies are needed 
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to identify how Dll4 expressed in the tumor endothelium modulates tumorigenesis in this 
model of CRC and which signaling pathways are implicated.   
As expected, endothelial Dll4 overexpression led to the opposite effect of Dll4 inhibition on 
tumor angiogenesis (Djokovic et al., 2010; Noguera-Troise et al., 2006; Ridgway et al., 2006; 
Scehnet et al., 2007). The activation of Dll4 in the endothelium inhibited vascular 
proliferation, probably by downregulating VEGF signaling, but increased the vascular 
maturity and competence. As we observed more hypoxia and increased apoptosis in the 
endoDll4OE small and large intestine tumors, this indicates that probably the observed 
increase of the vessel competence was not sufficient to balance the negative effect caused 
by a decreased number of vessels, leading to impaired overall tumor blood supply 
suppressing  tumor expansion. In addition, improved vessel competence may be beneficial to 
promote the delivery of cytostatic and other drugs to the tumor site and the enhanced vessel 
wall maturation may avoid the intravasation of malignant cells into the circulation and their 
dissemination. However, tumor invasiveness can be promoted by hypoxia (Hayden, 2009) 
that was increased in the endoDll4OE tumors. Nevertheless, we did not find any differences 
in the neoplastic progression and tumor differentiation caused by endothelial Dll4 
overexpression. However, we must bear in mind that we only evaluated premalignant lesions 
and therefore studies in more advanced stages of CRC are needed to evaluate the safety of 
this therapeutic approach. In the meantime, we can conclude by the overall effects of 




















4.3 Chapter III - Delta-like 4/Notch inhibition has a synergistic effect with anti-Egfr 
therapy on ApcMin/+ tumorigenesis 




Colorectal cancer (CRC) is the third most common malignancy in humans. Mutations in the 
Adenomatous polyposis coli (APC) gene are needed for the initiation of hereditary and for 
most of sporadic cases of CRC. One of the currently used approaches to treat CRC is the 
blockade of epidermal growth factor receptor (EGFR) signaling. Notch signaling is another 
important pathway in CRC. Previous studies revealed a cross talk between Notch and EGFR 
signaling in cancer development. However, this was never demonstrated in CRC. Previous 
reports revealed that in CRC Dll4/Notch blockade reduces tumor growth by reducing the 
tumor stem cell frequency, as well as by promoting non-productive angiogenesis. However, 
this angiogenic effect may also be responsible for the impairment of the delivery of other anti-
cancer drugs to the tumor. The aims of this work were to elucidate how Dll4/Notch signaling 
inhibition affects the intestinal tumor development in the ApcMin/+ mouse model of CRC and 
evaluate the effects of the combination therapy with Dll4 and Egfr inhibitors in this setting. 
We used Dll4-Fc, a soluble fusion protein containing the extracellular domain of Dll4 that 
binds to Notch receptors acting as dominant-negative, and the EGFR-specific tyrosine kinase 
inhibitor erlotinib. We found that, in the intestine, Dll4-Fc therapy alone reduced 
tumorigenesis by reducing proliferation and promoting differentiation of the tumor stem cells 
towards the secretory lineages. Additionally, the observed deregulation of the tumor 
vasculature was also responsible for delayed tumor growth and neoplastic progression. The 
association of Dll4-Fc to erlotinib had a synergistic effect blocking ApcMin/+ tumorigenesis 
independently of β-catenin activation and promoted unspecific tumor epithelial differentiation. 
Therefore, targeting DLL4/Notch and EGFR simultaneously may be beneficial in the 













Colorectal cancer (CRC) is the third most common malignancy and the second leading 
cause of cancer-related death in the West. Mutations in the recessive tumor suppressor gene 
Adenomatous polyposis coli (APC) lead to hereditary CRC familial adenomatous polyposis 
(FAP) syndrome (Powell et al., 1993) and are a common early event in sporadic CRC 
development (Payne, 1990). The ApcMin/+ mouse has a mutation in the Apc gene and 
spontaneously develops multiple intestinal neoplasms (Min) in the small and large intestine 
(Su et al., 1992).  
Dll1 and Dll4-mediated Notch activation together with Wnt signaling have been shown to be 
crucial for maintaining the intestinal progenitors undifferentiated and proliferating (Pellegrinet 
et al., 2011) and to have an additional role promoting the absorptive lineage differentiation 
(Fre et al., 2005). Activation of Notch1 is implicated in the establishment of adenomas in 
ApcMin/+ mutant mice (Fre et al., 2009; van Es, van Gijn, et al., 2005) by regulating the 
differentiation of tumor stem cells (Sikandar et al., 2010). The inhibition of Dll4/Notch 
signaling appears to reduce these cells frequency in xenograft models of CRC (M. Fischer et 
al., 2010; Hoey et al., 2009). Interestingly, this seems to occur even when KRAS mutations, 
which are associated with resistance to EGFR targeted therapy, are present (M. Fischer et 
al., 2010). However, it was never demonstrated how Dll4/Notch inhibition affects the 
intestinal adenoma formation, the precursor lesion of CRC. In addition, several reports 
indicated that Dll4/Notch signaling is crucial for tumor development by regulating the 
angiogenic process. In these studies, the inhibition of Dll4/Notch signaling delayed tumor 
growth by promoting a non-productive vasculature (Djokovic et al., 2010; Noguera-Troise et 
al., 2006; Ridgway et al., 2006; Scehnet et al., 2007). These findings raised the important 
question of whether the impairment of the tumor angiogenesis caused by Dll4 inhibition could 
hamper the concomitant delivery of other anti-cancer drugs to the tumors, in contrast to anti-
VEGF therapies that seem to improve the delivery of anti-cancer drugs by “normalizing” the 
tumor vasculature (Jain, 2005).  
Targeted therapies are currently used to improve the efficacy of standard CRC treatment 
(Rolfo et al., 2014). One of these strategies consists in the blockade of EGFR signaling, 
which is overexpressed and involved in the development and progression of CRC through 
activation of the ras-raf mitogen activated protein kinase (MAPK)/ERK and AKT-PI3-kinase 
(phosphatidylinositol 3-kinase) pathways (Spano et al., 2005; Vokes & Chu, 2006). In the 
ApcMin/+ model Egfr activation is increased both in the enterocytes and mainly in the intestinal 
adenomas (Moran et al., 2004), being required for the initiation and subsequent expansion of 
these tumors (Roberts et al., 2002).  
A cross talk between the Notch and EGFR pathways has been described in tumors of the 
lung, breast, skin and glia (Baker, Zlobin, & Osipo, 2014; H. Yamaguchi et al., 2014). As the 
components of these two pathways are overexpressed in CRC this may be also true in this 
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type of cancer (Qiao & Wong, 2009). Therefore, the aim of this work was to evaluate the 
pharmacological inhibition of Dll4/Notch signaling in the ApcMin/+ model and to analyse how 
anti-Dll4 therapy would affect the delivery and/or efficacy of anti-EGFR treatment in this 
model. Thus, we tested the blockade of Dll4/Notch signaling with a dominant-negative fusion 
protein containing the extracellular domain of Dll4 fused to the Fc fraction of IgG (Dll4-Fc) 
(Scehnet et al., 2007). Dll4-Fc therapy was given alone and in combination with erlotinib, an 
EGFR-specific tyrosine kinase inhibitor, to identify any potential therapeutic benefit of this 
association.   
 
4.3.3 Methods 
4.3.3.1 Experimental animals 
All animal-involving procedures in this work were approved by the Faculty of Veterinary 
Medicine of Lisbon Ethics and Animal Welfare Committee (Approval ID: 
PTDC/CVT/71604/2006). 
Mutant C57BL/6 J-ApcMin/+/J (ApcMin/+) mice were purchased from the Jackson Laboratory 
(Bar Harbor, ME). 
Dll4-Fc was administered to male ApcMin/+ mice by i.p. injection from 13 to 18 weeks of age 
(10mg/kg in PBS, 3x a week). Dll4-Fc was produced as previously described (Scehnet et al., 
2007). Erlotinib was administered to ApcMin/+ mice by oral gavage from 13 to 18 weeks of age 
(100mg/Kg in PBS with 0,5% (v/v) Tween 80, daily). ApcMin/+ control mice received only the 
vehicle in the same regimen. 
In all therapeutic trials 12 animals per group were used. 
 
4.3.3.2 Macroscopic analysis of the intestine 
After 5 weeks of therapy the mice were humanely sacrificed by cervical dislocation and the 
small and large intestine were excised, flushed and opened longitudinally. The macroscopic 
small and large intestine tumors of ApcMin/+ treated and control mice were counted and 
measured with a calliper under the dissection microscope. Tumor volume was calculated 
assuming a hemispherical shape for the small bowel tumors and a spherical shape for large 
intestine tumors. The volumes of all tumors from each mouse were added to give the overall 
tumor burden per animal. The intestinal tumors and livers were collected. 
 
4.3.3.3 Histopathological analysis 
The collected samples were fixed in 10% formalin solution for 48h, dehydrated in alcohol, 
cleared in xylene, embedded in paraffin, sectioned at 4µm and stained with hematoxylin 
(Fluka AG Buchs SG Switzerland) and eosin Y (Sigma, St. Louis, MO) for histopathological 
analysis. The lesions observed on the H&E sections from ApcMin/+ mice were classified as 
hyperplasias, when only an increase of the number of cells was observed, or as adenomas 
 75 
with low and high-grade dysplasia based on the alterations of the shape of the nucleus, the 
nucleus to cytoplasm ratio, cell polarity, chromatin pattern, and changes in gland 
architecture. 
Periodic Acid-Schiff (PAS) staining (Sigma, St. Louis, MO) was used to mark the intestinal 
goblet cells. These cells were counted in the intestine PAS stained sections using a 400x 
magnification.  
 
4.3.3.4 Immunofluorescence analysis 
Tumors were fixed in a 4% (w/v) paraformaldehyde in PBS solution at 4ºC for 1h, 
cryoprotected in 15% (w/v) sucrose in PBS solution, embedded in 7.5% (w/v) gelatin in PBS 
solution, snap frozen in liquid nitrogen and cryosectioned in 10 and 20µm-thick sections. The 
following primary antibodies were used: anti-PECAM-1 (557355), anti-E-cadherin (560061) 
(BD Biosciences, San Jose, USA), anti-α-SMA (ab5694), anti-PCNA (ab18197), anti-Lgr5 
(ab75732), anti-HIF1α (ab85866), anti-Cyclin D1 (ab21699) (Abcam, Cambridge, UK), anti-
Dll4 (AF1389, R&D Systems, Minneapolis, USA), anti-lysozyme (A009902-2, Dako, Glostrup, 
Denmark), anti-phospho-Egfr (Tyr1068) (3777), anti-phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204) (4370), anti-phospho-Akt (Ser473) (4060), N1ICD (4147), anti-non-phospho 
(active) β-catenin (8814) (Cell Signaling Technology, Danvers, USA). Species-specific 
secondary antibodies conjugated with Alexa Fluor 488 and 594 (Invitrogen, Carlsbad, CA) 
were used to reveal primary antibody binding. Tissue sections were incubated with primary 
antibody overnight at 4°C and with secondary antibody for 1h at room temperature. Nuclei 
were counterstained with 4´, 6-diamidino-2-phenylindole dihydrochloride hydrate (DAPI; 
Molecular Probes, Eugene, OR).  
Fluorescent immunostained sections were examined under a Leica DMRA2 fluorescence 
microscope with Leica HC PL Fluotar 10 and 20X/0.5 NA dry objective, captured using 
Photometrics CoolSNAP HQ, (Photometrics, Friedland, Denmark), and processed with 
Metamorph 4.6-5 (Molecular Devices, Sunnyvale, CA, US). Morphometric analyses were 
performed using the NIH ImageJ 1.37v program. Positive signal was determined by the 
percentage of white pixels per field after transforming the RGB images into binary files. 
Under the effect of 2-2-2 tribromoethanol anaesthesia, biotin-conjugated lectin from 
Lycopersicon esculentum (100µg/100µl of PBS) or 1% Evans’ Blue solution (Sigma, St. Luis, 
MO, US) were administered in the caudal vein to mark vessel perfusion and extravasation, 
respectively. Both solutions were allowed to circulate for 5 minutes before the vasculature 
was transcardially perfused with 4% (w/v) paraformaldehyde in PBS solution for 3 minutes. 
Tumor samples were collected and processed as described above. Tissue sections were 
stained and tumor perfusion was quantified by determining the percentage of red PECAM-
positive structures that were co-localized with Streptavidin-Alexa 488 (Invitrogen, Carlsbad, 
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CA, US) signals.  Evans’ Blue is red fluorescent and extravasation was visualized in contrast 
to green fluorescent vascular structures.   
Apoptosis was measured using the TUNEL assay (Roche, Mannheim, Germany). 
 
4.3.3.5 Quantitative transcriptional analysis 
Intestinal tumors from the therapy trials were snap frozen in liquid nitrogen until RNA 
extraction (Qiagen RNeasy). Using the SuperScript® III First-Strand Synthesis SuperMix for 
qRT-PCR (Invitrogen, Carlsbad, CA, USA), first-strand cDNA was synthesized from total 
RNA. Real-time PCR analysis was performed using specific primers. Primer pair sequences 
are reported on Annex II. Gene expression was normalized to β-actin and in the case of 
genes expressed in the vasculature it was additionally normalized to Pecam-1. 
 
4.3.3.6 Statistical analysis 
To compare measurements between control and test groups, the Mann-Whitney-Wilcoxon 
test was performed using the Statistical Package for the Social Sciences v15.0 (Chicago, IL). 
Results are presented as relative average ± SEM.  P-values <0.05 and <0.01 were 
considered significant (*) and highly significant (**), respectively. 
 
4.3.4 Results 
4.3.4.1 Dll4-Fc potentiates the inhibitory effect of erlotinib in the small intestine tumor 
multiplicity of ApcMin/+ mice 
Previous work showed that Dll4 blockade inhibits the tumor growth by deregulating the 
angiogenic process (Djokovic et al., 2010; Noguera-Troise et al., 2006; Ridgway et al., 2006; 
Scehnet et al., 2007). It has also been shown that anti-DLL4 therapy reduces the cancer 
stem cell frequency in CRC (M. Fischer et al., 2010; Hoey et al., 2009). However, it has 
never been demonstrated if Dll4 inhibition can be beneficial in initial stages of CRC. This led 
us to carry out a therapeutic trial using the Dll4 antagonist, Dll4-Fc, in the ApcMin/+ mouse 
model of CRC. We observed that Dll4-Fc therapy reduced the number of tumors by 3.4- and 
2.9-fold in the small and large intestine, respectively (Fig. 24A and 24D-E). The individual 
tumor volume was also reduced by 2- and 2.4-fold, respectively (Fig. 24B and 24D-E). 
Therefore, the Dll4-Fc therapy resulted in a 7-fold reduction of the intestine overall tumor 
burden (Fig. 24C-E). 
The Egfr pathway is important in the establishment of adenomas in the ApcMin/+ CRC mouse 
model (Roberts et al., 2002) and Notch signaling seems to interact with this pathway in other 
types of cancer (Baker et al., 2014; H. Yamaguchi et al., 2014). Therefore, we tested if the 
combination of Dll4-Fc with the anti-Egfr tyrosine kinase inhibitor erlotinib, could have some 
benefit in this model of CRC. Our main concern was to assess if the previously described 
Dll4-Fc effect on tumor angiogenesis would allow the effective delivery of erlotinib to the 
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tumors. We observed that the combination of these therapies had an additive effect by 
further reducing the small and large intestine tumor number (Fig. 24A and 24D-E), when 
compared with the monotherapies. However, in the large intestine this was only significantly 
altered relatively to erlotinib monotherapy (Fig. 24A and 24D-E). Relatively to the controls, 
the mice treated with erlotinib alone showed no statistically significant differences in average 
tumor volume, whereas those treated with the combined therapy had smaller tumors, similar 
to those observed in mice receiving Dll4-Fc monotherapy (Fig. 24B and 24D-E). Thus, while 
in the erlotinib treatment the overall tumor burden was reduced by 3.2-fold, in the 
combinatory intervention trial this parameter was reduced by 11.4-fold (Fig. 24C-E).  
Importantly, the therapies tested did not cause any toxic effects in the liver (data not shown). 
 
Figure 24 - Dll4-Fc therapy promotes the anti-tumoral activity of erlotinib treatment by 





(A-B) Graphic bars represent average ± SEM tumor number (A) and volume (mm3) (B) in the small 
and large intestine of Dll4-Fc, erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ mice versus their 
controls (CT) at 18 weeks of age. (C) Graphic bars represent the average ± SEM tumor burden (mm3) 
in the whole intestine of the animals described above. One experiment with n = 12 per group. (D-E) 
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Photographs of the small (D) and large (E) intestine (tumors indicated by arrows) collected from the 
animals described above.  
 
4.3.4.2 The inhibition of Egfr pathway activation in ApcMin/+ intestinal tumors is one of 
the mechanisms responsible for the observed additive effect of Dll4-Fc and erlotinib 
therapy  
We evaluated the effect of the therapies tested on the activation of Egfr pathway by 
measuring the levels of phosphorylated Egfr and also the phosphorylation status of its 
downstream targets extracellular regulated kinase (Erk) and Akt (Grant, Qiao, & Dent, 2002) 
in the tumor samples. 
We found that, relatively to the controls, the protein expression of phosphorylated Egfr, Erk 
and Akt in the erlotinib-treated small and large intestine tumors was strongly reduced, 
especially the first (Fig. 25A, Fig. 26A-C and Fig. 27A-C). ). Interestingly, we observed that 
Dll4-Fc had some inhibitory effect on the Egf/Egfr pathway, suggesting a possible crosstalk 
between the two pathways (Fig. 25A, Fig. 26A-C and Fig. 27A-C). Accordingly, the 
combinatory therapy had a cumulative negative effect on the Egfr/Akt pathway in the small 
and large intestine tumors (Fig. 25A, Fig. 26A-C and Fig. 27A-C).  
 
4.3.4.3 Erlotinib treatment induces Notch1 activation in ApcMin/+ intestinal tumors 
To confirm the effect of the therapies tested in the Notch signaling pathway, the gene 
expression of Hes1, Hes5 and Hey2, Dll4, Dll1 and Jagged1 and Notch1-4 in the tumor 
samples was evaluated by RT-PCR. 
Dll4-Fc-treated tumors presented a strong decrease of Hes1, Hes5 and mainly of Hey2 RNA 
levels in the small and large intestine (Fig. 25C-D). Additionally, these tumors had a 
statistically significant increase of Dll4, Dll1, Jagged1 and Notch1 and 4 RNA transcription in 
the small and large intestine (Fig. 25C-D). 
Interestingly, in the erlotinib-treated tumors we also found a statistically significant increase 
of Notch1, Hes1 and Hes5 RNA transcription in the small and large intestine (Fig. 25C-D). 
In the combinatory trial, Hes1, Hes5 and Hey2 RNA transcription in the small and large 
intestine tumors was less decreased than in the Dll4-Fc trial (Fig. 25C-D). In these tumors we 
also found a statistically significant increase of the RNA transcription of all the analysed 
ligands and receptors, with the exception of Notch3 (Fig. 25C-D). Comparing the 
transcription levels of Notch pathway members in the combination trial with each of the 
monotherapies, we found statistically significant differences only relatively to the erlotinib 
treatment, specifically in the expression of the analysed effectors and ligands in the small 
and large intestine (Jagged1 only in the last) (Fig. 25C-D). 
As Notch1 expression was found to be upregulated in the erlotinib-treated tumors, we 
measured Notch1 intracellular domain (N1ICD) protein density in the intestinal tumors of the 
treated groups to assess Notch1 signaling. Interestingly, we found that N1ICD was increased 
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in the tumoral epithelium of the small intestine, while it was mostly observed in the stroma of 
the tumors collected from the large intestine (Fig. 25E and 25G), in all three therapeutic 
groups and controls. As expected, Dll4-Fc-treated mice showed decreased N1ICD levels in 
small and large intestine tumors (Fig. 25E-H). In contrast, erlotinib-treated tumors presented 
increased nuclear N1ICD staining (Fig. 25E-H). In the combinatory trial, the levels of nuclear 
N1ICD were similar to that measured in Dll4-Fc-treated tumors from both small and large 
intestine (Fig. 25E-H). 
 
Figure 25 - Both Dll4-Fc and erlotinib treatments affect the EGFR and Notch pathways 






Figure 25 (continuation) - Both Dll4-Fc and erlotinib treatments affect the EGFR and 




 (A-B) Graphic bars represent the relative density (%) ± SEM of phosphorylated Egfr, Erk and Akt, 
respectively, analyzed by immunofluorescence, in the small (A) and large (B) intestine tumors of Dll4-
Fc, erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ mice versus controls (CT) at 18 weeks of age. 
One experiment with n = 6 per group and 6 fields per animal. (C-D) RT-PCR analysis of Dll4, Dll1, 
Jag1, Notch1-4, Hes1 and 5 and Hey2 relative expression normalized to Pecam-1 in the same 
animals small (C) and large (D) intestine tumors. One experiment with n = 3 per group. (E-G) 
Immunofluorescence staining representative images for N1ICD density (green) in the small (E) and 
large (G) intestine tumor cryosections (10µm) of the animals mentioned above. The nuclei were 
counterstained with DAPI (in blue). Scale bars = 100µm. (F-H) Graphic bars represent the relative 
density (%) ± SEM of N1ICD in the small (F) and large (H) intestine tumors. One experiment with n = 6 
per group and 6 fields per animal. *P<0.05; **P<0.01. 
 
Figure 26 - Impact of erlotinib and Dll4-Fc treatments, alone and in combination, on 






Figure 26 (continuation) - Impact of erlotinib and Dll4-Fc treatments, alone and in 




 (A-C) Representative images of immunofluorescence staining density for phosphorylated Egfr (A), Erk 
(B) and Akt (C) (in green) with the nuclei counterstained by DAPI (in blue) in the small intestine tumor 
cryosections (10µm) from Dll4-Fc, erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ mice versus 
controls (CT) at 18 weeks of age. Scale bars = 100µm. One experiment with n = 6 per group and 6 












Figure 27 - Effect of erlotinib and Dll4-Fc therapies, alone and in combination, on Egfr 




 (A-C) Representative images of immunofluorescence staining density for Egfr (A), Erk (B) and Akt (C) 
(in green) with the nuclei counterstained by DAPI (in blue) in the large intestine tumor cryosections 
(10µm) from Dll4-Fc, erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ mice versus controls (CT) at 
18 weeks of age. Scale bars = 100µm. One experiment with n = 6 per group and 6 fields per animal. 
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4.3.4.4 Dll4-Fc promotes an intestinal tumor dysfunctional and immature pro-
angiogenic phenotype with increased hypoxia and apoptosis, even when associated 
to erlotinib therapy 
Previous work, using other models, described how Dll4-Fc acts on tumor angiogenesis 
(Djokovic et al., 2010; Noguera-Troise et al., 2006; Ridgway et al., 2006; Scehnet et al., 
2007). Predictably, we found the same therapeutic effect in the ApcMin/+ model. Specifically, 
the Dll4-Fc treated animals had an approximately 2-fold increase of vascular density in the 
small and large intestine tumors (Fig. 28A-B and Fig. 29A-B).  Accordingly, in these animals 
the gene expression of Vegfa and c, Vegfr2 and 3 and Pecam-1 in the small and mainly large 
intestine tumors was increased, while the level of Vegfr1 transcripts was decreased (Fig. 
30A-B). These tumors also had a reduction of smooth muscle cell coverage in the newly 
formed vessel walls (Fig. 28A and 28C, and Fig. 29A and 29C). Regarding vascular 
functionality, we observed that the vessels of the tumors collected from the small and large 
intestine, were poorly perfused (Fig. 28D-E and Fig. 29D-E). In addition, these vessels were 
very leaky, displaying an increase in the levels of Evans’ Blue extravasation in the small and 
large intestine tumors (Fig. 28F-G and Fig. 29F-G). We also found increased HIF1α protein 
expression, an indicator of hypoxia, (Fig. 31A-D) and increased apoptosis in these tumors 
(Fig. 31E-H). 
The animals treated with erlotinib alone displayed reduced vascular density in the tumors of 
the small and large intestine (Fig. 28A-B and Fig. 29A-B), as previously reported in 
pancreatic cancer (Starling, Neoptolemos, & Cunningham, 2006). In these animals the 
expression of Vegfa and c and Pecam-1 was strongly reduced and that of Vegfr1 was mildly 
increased in the large and mainly in the small intestine, while that of the other genes was not 
significantly altered (Fig. 30A-B). Additionally, the wall of the newly formed vessels displayed 
slightly more smooth muscle cell coverage than that of controls, in the small and large 
intestine tumors (Fig. 28A and 28C, and Fig. 29A and 29C). Moreover, the erlotinib treated 
mice displayed increased vascular perfusion and reduced vascular extravasation in the 
tumors collected from both small and large intestine (Fig. 28D-G and Fig. 29D-G). These 
vascular changes were accompanied by decreased protein expression of HIF1α in the 
tumors of both regions (Fig. 31A-D), but the tumor apoptotic level was not significantly 
altered (Fig. 31E-H). 
In the combinatory trial, the vascular density of the small and large intestine tumors was 
increased, but not as much as in the Dll4-Fc treatment (Fig. 28A-B and Fig. 29A-B). The 
vascular related gene expression analysis confirmed this result (Fig. 30A-B). The effect of 
Dll4-Fc on vascular maturity was maintained when in combination with erlotinib (Fig. 28A and 
28C, and Fig. 29A and 29C). Interestingly, in this trial the tumor vessels were not as 
dysfunctional as in the Dll4-Fc treated animals, but still presented less perfusion and more 
extravasation than the controls (Fig. 28D-G and Fig. 29D-G). Accordingly, the protein 
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expression of HIF1α in the Dll4-Fc plus erlotinib-treated tumors was less increased than in 
the Dll4-Fc trial in the small and large intestine (Fig. 30A-D). In addition, the combination 
therapy led to a slight reduction of the level of tumor apoptosis compared to Dll4-Fc alone 
that was only statistically significant for the large intestine (Fig. 30E-H). 
 
Figure 28 - Dll4-Fc promotes dysfunctional angiogenesis, even when associated with 








Figure 28 (continuation) - Dll4-Fc promotes dysfunctional angiogenesis, even when 





(A, D, F) Immunofluorescence stainings of 20µm small intestine tumor cryosections from Dll4-Fc, 
erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ mice versus controls (CT) at 18 weeks of age. Scale 
bars = 100µm. The nuclei were counterstained with DAPI (in blue).  Representative images of staining 
density for PECAM-1 (in green) and α-SMA (in red) (A), for lectin (in green) and PECAM-1 (in red) (D), 
and for PECAM-1 (in green) and Evans blue (in red) (F). (B, C, E, G) Graphic bars represent the 
relative (%) ± SEM tumor vascular density (B), maturity (C), perfusion (E) and extravasation (G) in the 
small intestine of the animals described above (n=6 per group). *P<0.05; **P<0.01.  
 
Figure 29 - Dll4-Fc promotes dysfunctional angiogenesis, even with concomitant 






Figure 29 (continuation) - Dll4-Fc promotes dysfunctional angiogenesis, even with 






(A, D, F) Immunofluorescence stainings of 20µm large intestine tumor cryosections from Dll4-Fc, 
erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ mice versus controls (CT) at 18 weeks of age. Scale 
bars = 100µm. The nuclei were counterstained with DAPI (in blue).  Representative images of staining 
density for PECAM-1 (in green) and α-SMA (in red) (A), for lectin (in green) and PECAM-1 (in red) (D), 
and for PECAM-1 (in green) and Evans blue (in red) (F). (B, C, E, G) Graphic bars represent the 
relative (%) ± SEM tumor vascular density (B), maturity (C), perfusion (E) and extravasation (G) in the 
large intestine of the animals described above. One experiment with n = 6 per group and 6 fields per 






Figure 30 - Dll4-Fc promotes Vegf/Vegfr gene expression in ApcMin/+ tumors, even 




(A, B) RT-PCR analysis of Vegfa and c, Vegfr1-3 and Pecam-1 relative expression in Dll4-Fc, erlotinib 
and Dll4-Fc plus erlotinib-treated small (A) and large (B) intestine ApcMin/+ tumors at 18 weeks of age. 
One experiment with n = 3 per group. *P<0.05; **P<0.01. 
 
Figure 31 - Dll4-Fc promotes hypoxia and apoptosis, even with concomitant erlotinib 





Figure 31 (continuation) - Dll4-Fc promotes hypoxia and apoptosis, even with 






 (A, C, E, G) Immunofluorescence stainings of 20µm small (A, E) and large (C, G) intestine tumor 
cryosections from Dll4-Fc, erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ mice versus controls 
(CT). Scale bars = 100µm. The nuclei were counterstained with DAPI (in blue). Representative images 
of staining density for PECAM-1 (in green) and HIF1α (in red) (A, C), and for TUNEL (in green) and 
PECAM-1 (in red) (E, G). (B, D, F, H) Graphic bars represent the relative tumor hypoxia (%) ± SEM 
(B, D) and apoptosis index (%) ± SEM (F, H) in the small (B, F) and large (D, H) intestine of the 
animals described above. One experiment with n = 6 per group and 6 fields per animal. *P<0.05; 
**P<0.01. 
 
4.3.4.5 Association of Dll4-Fc to erlotinib has a synergistic effect inhibiting the tumor 
cell proliferation and tumor stem cell maintenance  
As both Dll4-Fc and erlotinib treatments led to a significant reduction of the ApcMin/+ tumor 
multiplicity, we evaluated if these therapies were affecting the tumor proliferation, neoplastic 
transformation or tumor stem cell maintenance. 
Indeed, the cellular proliferation in the tumors of Dll4-Fc and erlotinib treated mice was 
decreased in the large and mainly in the small intestine (Fig. 32A-B and Fig. 33A-B). Dll4-Fc 
alone had a significantly more pronounced effect than erlotinib in both intestinal regions (Fig. 
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32A-B and Fig. 33A-B). The combination therapy further decreased the cellular proliferation 
in the small and large intestine tumors (Fig. 32A-B and Fig. 33A-B). However, the differences 
found between Dll4-Fc alone and the combination therapies were not statistically significant 
in the large intestine (Fig. 33A-B). 
Neoplastic progression in the treated-mice was characterised by histopathological 
classification. In the control group the majority of the lesions in the small and large intestine 
were adenomas with high-grade dysplasia (Fig. 32C and Fig. 33C). In the Dll4-Fc treated 
mice the small and large intestine lesions were mainly hyperplasias and adenomas with low-
grade dysplasia (Fig. 32C and Fig. 33C). In the erlotinib-treated animals the lesions were 
similar to the controls, both in the small and large intestine (Fig. 32C and Fig. 33C). In the 
combination trial the lesions were mainly adenomas with low-grade dysplasia in the small 
and large intestine (Fig. 32C and Fig. 33C). Therefore Dll4-Fc alone and in combination with 
erlotinib, but not erlotinib alone, seemed to delay the neoplastic transformation. 
Tumor stem cells expressing leucine-rich repeat-containing G-protein-coupled receptor 5  
(Lgr5) and the B cell–specific Moloney murine leukemia virus insertion site 1 (Bmi1) are 
responsible for neoplastic initiation and development (Espersen, Olsen, Linnemann, Hogdall, 
& Troelsen, 2015; Fre et al., 2005; Schepers et al., 2012). 
In the tumors of the small and large intestine, Dll4-Fc and erlotinib had a cumulative effect in 
the reduction of the protein and gene expression of Lgr5, but only Dll4-Fc was able to reduce 
the gene expression of Bmi1 (Fig. 32D-F and Fig. 33D-F). We found that these effects were 
more pronounced in the small than in the large intestine (Fig. 32D-F and Fig. 33D-F). 
Moreover, no differences in the density of Lgr5-positive stem cells in the adjacent normal 
intestine of the three treated mouse groups were observed relatively to the controls (data not 
shown). 
We also analysed the tumor gene expression of the cyclin-dependent kinase inhibitors 1B 
(Cdkn1b) and 1C (Cdkn1c), which are mediators of crypt progenitor cells maintenance, 
downstream of Notch-Hes1 signaling (Riccio et al., 2008). Cdkn1b and c expression was 
significantly increased only in the Dll4-Fc and in the combination treated small and large 
intestine tumors (Fig. 32F and Fig. 33F).  
Next we analysed Myc and Ccnd2 gene expression and Cyclin D1 protein levels, which are 
important factors for tumor initiating cell maintenance and proliferation in the ApcMin/+ mouse 
model (Cole et al., 2010; Hulit et al., 2004; Ignatenko et al., 2006). All the treatments led to a 
significant downregulation of Myc and Ccnd2 RNA expression and also to decreased Cyclin 
D1 protein levels, especially the combinatory trial, particularly in the small intestine (Fig. 32F-
G and Fig. 33F-G). However no statistically significant differences were found between the 
therapy groups (Fig. 32F-G and Fig. 33F-G). 
To confirm if this effect on tumor initiating cells and tumor proliferation was Wnt related, the 
levels of the Wnt pathway-derived non-phosphorylated (active) β-catenin density were 
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analysed. We observed only a slight reduction in the combination-treated small intestine 
tumors (Fig. 34A-D). 
 
Figure 32 - Dll4-Fc plus erlotinib have a cumulative negative effect on tumor 













Figure 32 (continuation) - Dll4-Fc plus erlotinib have a cumulative negative effect on 




(A, D, H) Immunofluorescence stainings of the small intestine tumor cryosections (10µm) from Dll4-Fc, 
erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ mice versus their controls (CT). Scale bars = 
100µm. The nuclei were counterstained with DAPI (in blue). Representative images of staining density 
for PCNA (in green) and PECAM-1 (in red) (A), for lgr5 (in green) (D), and for Cyclin D1 (in green) (H). 
(B, E, G) Graphic bars represent the small intestine tumor proliferation index (%) ± SEM (B), and the 
relative tumor Lgr5 (E) and Cyclin D1 (G) density (%) ± SEM in the animals described above. One 
experiment with n = 6 per group and 6 fields per animal. (C) Graphic bars represent the proportion (%) 
of hyperplasias and adenomas with low and high-grade dysplasia in the macroscopic small intestine 
lesions from the mice described above. One experiment with n = 12 per group. (F) RT-PCR analysis 
of Lgr5, Bmi1, Cdkn1b, Cdkn1c, Myc, Ccnd2 relative expression in the Dll4-Fc, erlotinib and Dll4-Fc 
plus erlotinib-treated ApcMin/+ small intestine tumors One experiment with n = 3 per group. *P<0.05; 
**P<0.01. 
 
Figure 33 - Dll4-Fc plus erlotinib have a cumulative negative effect on tumor 





Figure 33 (continuation) - Dll4-Fc plus erlotinib have a cumulative negative effect on 







(A, D, H) Immunofluorescence stainings of the large intestine tumor cryosections (10µm) from Dll4-Fc, 
erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ mice versus their controls (CT). Scale bars = 
100µm. The nuclei were counterstained with DAPI (in blue). Representative images of staining density 
for PCNA (in green) and PECAM-1 (in red) (A), for Lgr5 (in green) (D), and for Cyclin D1 (in green) 
(H). (B, E, G) Graphic bars represent the large intestine tumor proliferation index (%) ± SEM (B), and 
the relative tumor density (%) ± SEM of Lgr5 (E) and Cyclin D1 (G) in the animals described above 
(n=6 per group). (C) Graphic bars represent the proportion (%) of hyperplasias and adenomas with 
low and high-grade dysplasia obtained in the histopathological analysis (H&E) of the macroscopic 
large intestine lesions from the mice described above. One experiment with n = 12 per group. (F) RT-
PCR analysis of Lgr5, Bmi1, Cdkn1b, Cdkn1c, Myc, Ccnd2 relative expression in the Dll4-Fc, erlotinib 









Figure 34 - Dll4-Fc and erlotinib therapies seem to be independent from associated β-




 (A, C) Representative images of immunofluorescence staining density for non-phosphorylated (active) 
β-catenin (in green) of the small (A) and large (C) intestine tumor cryosections (10µm) from Dll4-Fc, 
erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ mice versus their controls (CT). Nuclei were 
counterstained by DAPI (in blue). Scale bars = 100µm. (B, D) Graphic bars represent the small (B) 
and large (D) intestine relative tumor non-phosphorylated (active) β-catenin density (%) ± SEM in the 
mice described above (n=6 per group).  *P<0.05; ns, not significant. 
 
4.3.4.6 Association of Dll4-Fc to erlotinib promotes unspecific intestinal lineage 
differentiation of proliferative tumor stem cells 
Next we analysed the levels of differentiation of the tumor stem cells and if their 
differentiation was predominantly towards the secretory or the absorptive lineages. We 
started by measuring the density of the epithelial differentiation marker E-cadherin (Tsanou 
et al., 2008) in the ApcMin/+ untreated and treated tumors. In the Dll4-Fc and in the 
combination treated tumors, we observed a moderate increase of the tumor epithelial 
differentiation both in the small and large intestine relatively to the controls, whereas the 
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erlotinib treated tumors presented no statistically significant differences (Fig. 35A-B and Fig. 
36A-B). 
To identify into which intestinal epithelial lineages the tumor stem cells were differentiating, 
we analysed the protein expression of lysozyme (produced by Paneth cells), the proportion 
of goblet cells in the tumor parenchyma, and the expression of several epithelial lineage 
markers. 
Normally, Paneth cells are only present in the small intestine (Garabedian, Roberts, 
McNevin, & Gordon, 1997), but metaplasia of these cells was observed in the adenomas of 
the large intestine collected from all mouse groups. Relatively to the control group, the 
number of these cells was moderately increased in the Dll4-Fc treated small and large 
intestine tumors (Fig. 35C-D and Fig. 36C-D). In contrast, in the erlotinib-treated group, the 
number of Paneth cells in the tumors from these regions was just slightly reduced (Fig. 35C-
D and Fig. 36C-D). In the small and large intestine tumors treated with the combination 
therapy, the proportion of these cells was increased as in those collected from the Dll4Fc 
treated animals (Fig. 35C-D and Fig. 36C-D).  
On the other hand, in the Dll4-Fc treated animals both small and large intestine tumors 
presented a moderate increase in the proportion of the goblet cells (Fig. 35E-F and Fig. 36E-
F). The erlotinib-treated group had a mild decrease in the proportion of these cells in both 
small and large intestine tumors and, in the tumors subjected to the combination therapy, the 
proportion of these cells was no different from that of the controls (Fig. 35E-F and Fig. 36E-
F).  
Then we measured the relative gene expression of Akp3, Muc2, Lyz1 and Neurog3 markers 
for the enterocyte, goblet, Paneth and neuroendocrine cell populations, respectively, and of 
the secretory-specific transcription factors	   Atoh1 and Klf4 (Katz et al., 2002; Yang et al., 
2001). These were all significantly upregulated in the small and large intestine tumors 
subjected to the Dll4-Fc and combination treatments (Fig. 35G and Fig. 36G). In the erlotinib-
treated small and large intestine tumors, the expression of genes from the different epithelial 
lineages was downregulated, especially of those related with the secretory fates (Fig. 35G 
and Fig. 36G). Muc2 and Atoh1 were the most upregulated genes in the Dll4-Fc treated 
tumors in the small and mostly in the large intestine (Fig. 35G and Fig. 36G). Muc2 was the 
gene most downregulated in erlotinib treated small and large intestine tumors (Fig. 35G and 
Fig. 36G). However, in the small and large intestine tumors subjected to the combination 






Figure 35 - Dll4-Fc increases the epithelial differentiation, even when associated with 






 (A, C) Immunofluorescence stainings of small intestine tumor cryosections (10µm) from Dll4-Fc, 
erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ mice versus their controls (CT). Scale bars = 
100µm. The nuclei were counterstained with DAPI (in blue). Representative images of staining density 
for E-cadherin (in green) (A), and for lysozyme (in green) (C). (B, D) Graphic bars represent the 
relative density (%) ± SEM of E-cadherin (B) and lysozyme (D) in the small intestine tumors of the 
animals described above (n=6 per group). (E) PAS staining of paraffin-embedded small intestine 
tumor sections (4µm) from the animals mentioned above. Scale bars = 100µm. (F) Graphic bars 
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represent the relative proportion of goblet cells (%) ± SEM in the small intestine tumor epithelium of 
the same animals (n=6 per group). (G) RT-PCR analysis of Akp3, Muc2, Lyz, Neurog3, Atoh1, Klf4 
relative expression in the Dll4-Fc, erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ small intestine 
tumors (n=3 per group). *P<0.05; **P<0.01. 
 
Figure 36 - Dll4-Fc increases the epithelial differentiation, even when associated with 







 (A, C) Immunofluorescence stainings of large intestine tumor cryosections (10µm) from Dll4-Fc, 
erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ mice versus their controls. Scale bars = 100µm. The 
nuclei were counterstained with DAPI (in blue). Representative images of staining density for E-
cadherin (in green) (A), and for lysozyme (in green) (C). (B, D) Graphic bars represent the relative 
density (%) ± SEM of E-cadherin (B) and lysozyme (D) in the large intestine tumors of the animals 
described above (n=6 per group). (E) PAS staining of paraffin-embedded large intestine tumor 
sections (4µm) from the animals mentioned above. Scale bars = 100µm. (F) Graphic bars represent 
the relative proportion of goblet cells (%) ± SEM in the large intestine tumor epithelium of the same 
animals (n=6 per group). (G) RT-PCR analysis of Akp3, Muc2, Lyz, Neurog3, Atoh1, Klf4 relative 
expression in the Dll4-Fc, erlotinib and Dll4-Fc plus erlotinib-treated ApcMin/+ large intestine tumors 
(n=3 per group). *P<0.05; **P<0.01. 
 
4.3.5 Discussion 
Blockade of a single target or pathway promotes limited benefit for cancer patients and 
therefore new combination treatment strategies are being extensively explored (Yap, 2015). 
Notch signaling has been studied as a novel molecular target therapy approach to treat CRC 
(Qiao & Wong, 2009). Anti-Dll4/Notch therapy seems to reduce tumor growth and tumor 
stem cell frequency in xenograft models of CRC (Hoey et al., 2009) even when associated to 
KRAS mutations, which confer resistance to anti-EGFR therapy (M. Fischer et al., 2010). In 
lung, breast, skin and glial cancers, Notch and EGFR pathways seem to crosstalk (Baker et 
al., 2014; H. Yamaguchi et al., 2014). This may also occur in CRC as both pathways are 
overexpressed in this type of cancer (Qiao & Wong, 2009). Hence a combination strategy 
targeting both Dll4/Notch and EGFR pathways may be beneficial. However, as anti-Dll4 
therapy promotes the establishment of a non-productive vasculature with poor perfusion 
(Djokovic et al., 2010; Noguera-Troise et al., 2006; Ridgway et al., 2006; Scehnet et al., 
2007), this may impair the delivery to the tumor site and consequently the efficacy of anti-
EGFR and other anti-cancer drugs. Therefore, in this work we tried to elucidate how Dll4-Fc 
affects the ApcMin/+ intestinal tumor development and if Dll4-Fc could be beneficially 
associated to anti-Egfr therapy in CRC.  
Dll4-Fc therapy, alone and in the combinatory trial, delayed the tumor growth by promoting 
immature and dysfunctional angiogenesis. Dll4-Fc treatment led to reduced tumor vascular 
perfusion, which could impair the delivery of erlotinib and other anti-cancer drugs to the 
tumors. However, it also increased vascular extravasation in the tumor, which could promote 
the exit of these drugs from the newly formed vessels and their accumulation in the tumoral 
stroma. In our experiment this paradoxically negative effect on the tumor vasculature 
functionality caused by Dll4-Fc treatment probably did not affect the delivery of erlotinib to 
the tumors, as erlotinib therapy administered in combination with Dll4-Fc indeed blocked the 
activation of Egfr pathway and inhibited tumorigenesis. Therefore, anti-Dll4 therapy may not 
improve the delivery of anti-cancer drugs to the tumors as the anti-VEGF therapies seem to 
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accomplish by “normalizing” the tumor vasculature (Jain, 2005), but it appears that it does 
not impair it either. Importantly, in this setting, an anti-Dll4 approach may be more beneficial 
than anti-VEGF targeting, as Dll4-Fc delayed the ApcMin/+ tumor growth just as much an anti-
VEGF therapy (Alferez et al., 2008), but in addition reduced the establishment of these 
tumors. 
Interestingly, contrary to Dll4-Fc, anti-Egfr therapy did not affect the tumor volume and had 
no significant effect on tumor apoptosis, differentiation and neoplastic transformation. This 
lack of anti-Egfr effect on the tumor volume was previously shown by Roberts et al., who 
believe that Egfr activity is required only in the formation of microadenomas and may then be 
necessary only for later stages of tumor progression (Roberts et al., 2002). This could 
explain why we did not find increased epithelial differentiation and delayed neoplastic 
transformation in the erlotinib-treated pre-malignant lesions respectively to the controls. The 
observed inefficacy of erlotinib treatment in reducing tumor volume may be associated to the 
lack of effect on apoptosis, which may be at least partially related to its angiogenic 
phenotype. Erlotinib therapy inhibited tumor angiogenesis, as previously described in 
pancreatic cancer (Mendelsohn & Baselga, 2003), by downregulating Vegfa and c 
expression and by upregulating the expression of Vegfr1, a decoy receptor that sequesters 
VEGFA (Hiratsuka, Minowa, Kuno, Noda, & Shibuya, 1998). However, the tumor vessels 
were more mature and functional, which led to reduced tumor hypoxia and therefore allowed 
tumor growth. There are probably several mechanisms implicated in this erlotinib-associated 
phenotype. It has been demonstrated that erlotinib regulates the Vegf/Vegfr pathway through 
Akt-mediated production of endothelial nitric oxide synthase (Fulton et al., 1999) and may 
directly inhibit HIF-1α expression (Peng et al., 2006), therefore regulating VEGF expression 
(Y. Liu, Cox, Morita, & Kourembanas, 1995). In addition, this may also be associated to the 
observed increase of Notch1 activation in erlotinib-treated tumors, as Notch signaling has 
been extensively shown to be a critical regulator of tumor angiogenesis (Dufraine et al., 
2008). The observed Notch1 upregulation may also be directly associated with the lack of 
apoptotic effect in the tumors (Qiao & Wong, 2009). This activation of Notch1 signaling after 
Egfr inhibition was previously observed in breast cancer, while the EGFR signaling-mediated 
inhibition of Notch1 gene transcription was shown in skin cancer (H. Yamaguchi et al., 2014).  
Therefore, in this setting, erlotinib may activate Notch signaling and this could be, at least in 
part, responsible for the observed lack of efficacy on tumor growth of erlotinib therapy. 
Additionally, this could be Dll4-mediated as a previous work indicated that Dll4, when 
expressed in the tumor cells, activates Notch in the endothelium and negatively regulates 
tumor angiogenesis but it can promote tumor growth by improving the vascular function and 
by reducing hypoxia and apoptosis in the tumors (J. L. Li et al., 2007), as observed in the 
erlotinib-treated tumors. 
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Interestingly, Dll4-Fc had some inhibitory effect on the Egfr pathway, downregulating 
phosphorylated Egfr, Erk and mainly Akt, and in association with the anti-Egfr therapy it had 
a synergistic effect in the reduction of the ApcMin/+ tumor multiplicity in the small intestine. 
Therefore, this suggests the existence of a crosstalk between the Notch and Egfr pathways 
to induce intestinal tumorigenesis. This inhibitory effect on adenoma formation by anti-Egfr 
therapy had been previously reported (Roberts et al., 2002), but not by an anti-Dll4 
approach. However a previous work showed that Notch1 activation may be needed to trigger 
tumorigenesis in the Apc mutated intestine (Fre et al., 2009) and we observed that Dll4-Fc 
therapy inhibited Notch1 activation in the ApcMin/+ small and large intestine tumors. 
Anti-Dll4 and anti-Egfr therapies had a cumulative effect downregulating factors related to 
proliferation and maintenance of Lgr5 positive tumor stem cells, which seemed mostly 
unrelated to β-catenin activation. Only Dll4-Fc treatment led to an increase of the CDK 
inhibitors 1B and 1C, as observed upon Notch inactivation in the normal gut (Riccio et al., 
2008), and decreased Bmi1 expression. These effects could explain why Dll4-Fc had a more 
pronounced effect reducing the tumor proliferation than erlotinib. Additionally, this can also 
be related to the Dll4-Fc-derived increase of intestinal differentiation in the tumors, as 
Cdkn1b seems to be important in this process (Deschenes, Vezina, Beaulieu, & Rivard, 
2001).  
Dll4-Fc promoted the intestinal differentiation towards the secretory lineages, but not as 
drastically as previously tested pan-Notch inhibitors (van Es, van Gijn, et al., 2005). It seems 
that blockade of both Notch1 and Notch2 is necessary to promote a complete conversion of 
intestinal stem cells to differentiated goblet cells (Riccio et al., 2008). Therefore, the less 
accentuated deviation towards the secretory lineages in Dll4-Fc treated tumors may be 
explained by the gene expression analysis we carried out, which indicated that Dll4 may 
signal mainly through Notch1 and Notch4, rather than Notch2, in the intestinal tumors. In 
addition, Dll1, whose expression is increased in Dll4-Fc treated tumors, may also be 
implicated in this process by attenuating the secretory differentiation as previously described 
in the normal gut (Pellegrinet et al., 2011). Nevertheless, when we combined Dll4-Fc with 
erlotinib the increase of differentiation was not deviated into any specific lineage. This was 
probably due to the observed smaller increase of tumor Atoh1 and Klf4 expression in the 
combinatory trial, as erlotinib seemed to have a negative effect on Atoh1 expression, which 
may be related to Notch1 activation.  
Thus, in this work we have shown that in the ApcMin/+ small and large intestine Dll4-Fc 
therapy inhibited tumorigenesis and tumor growth by affecting proliferation, stem cell 
maintenance, differentiation and angiogenesis.  
When associated to erlotinib it had a cumulative effect in inhibiting tumor multiplicity, showing 
that the decreased functionality of the tumor vasculature caused by the anti-Dll4 therapy did 
not impair the appropriate delivery of erlotinib to the tumors. However, further studies are 
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needed to understand if the induction of Notch activation is responsible for the inefficacy of 
anti-Egfr therapy on tumor volume and transformation in this setting. Nevertheless, Dll4-Fc 
therapy is able to delay tumor growth and transformation, to inhibit tumor establishment and 
does not affect the delivery of erlotinib to the tumor, promoting instead its anti-cancer effect. 
Therefore, our results indicate that anti-DLL4 therapy can be beneficially associated with 
































4.4 Chapter IV - Delta-like 4/Notch signaling blockade inhibits the development of 
chronic colitis-associated colorectal cancer in a mouse model 
Badenes, M., Trindade, A., Pissarra, H., Carinhas, J., Liu, R., Krasperonov, V., Gill, P.S, 
Costa, L., Duarte, A. 
 
4.4.1 Abstract 
Colorectal cancer (CRC), one of the most frequent cancers, can develop as a complication of 
inflammatory bowel diseases (IBD). Notch signaling plays a central role in intestinal 
homeostasis and in CRC development. Our objective was to analyze the Notch pathway 
expression pattern and the effect of Dll4/Notch inhibition in chronic colitis and in colitis-
associated cancer (CAC). For that we analyzed the protein expression of most Notch 
pathway members and assessed the effect of Dll4 genetical (Dll4+/-) and pharmacological 
(Dll4-Fc) blockade in the azoxymethane plus dextran sodium sulphate (AOM+DSS) CAC 
mouse model. We found high levels of expression of all Notch members in the inflamed large 
intestine and in CAC. Dll4 and Notch1 expression was more pronounced in the tumor than in 
the inflamed intestinal epithelium. The inhibition of Dll4 led to a significant reduction in the 
average number and volume of tumors by several mechanisms. Specifically, Dll4 blockade 
promoted apoptosis, dysfunctional tumoral angiogenesis and inhibited tumor cell proliferation. 
Additionally, it decreased the number of Leucine-rich G-protein coupled Receptor 5 (Lgr5) 
positive tumor stem cells and promoted Paneth and goblet cell differentiation.  Furthermore, 
the observed inhibition of tumorigenesis was associated with reduced colitis and tumor 
inflammation by decreasing the number of immune cells (macrophages, dendritic cells, 
neutrophils and helper and cytotoxic T cells) and the expression of important inflammatory 
mediators, such as iNos, Cox-2, Tnf-α, Il-6, Il-17a, Ifn-γ and Il-4. Dll4 inhibition also led to a 
decrease in the expression of the CAC promoter Nfkb2, to the upregulation of the CAC 
inhibitor Tgf-β, to an increase in the number of regulatory T cells and to the abrogation of the 
proinflammatory M1 macrophage polarization in the tumors. Therefore, Dll4-Fc is likely to be 
beneficial in the treatment of CAC by deregulating tumor angiogenesis, proliferation, 












Colorectal cancer (CRC) is one of the leading causes of cancer death (Siegel, Desantis, & 
Jemal, 2014). Patients with inflammatory bowel diseases (IBD; Crohn’s disease or ulcerative 
colitis) have high risk of developing CRC (Mattar, Lough, Pishvaian, & Charabaty, 2011). 
High levels of the proinflammatory cytokines IL-6 and TNF-α, inducible inflammatory 
enzymes (COX2, iNOS) and NF-KB activation contribute to the development of CAC 
(Foersch & Neurath, 2014). Additionally, the cytokines IL-4 and IL-17A seem to promote 
tumor growth, while IFN-γ is critical for the activation of cytotoxic cells and antitumor activity 
(Rizzo et al., 2011). In general, cells of the innate and adaptive immune system seem to act 
as pro-tumorigenic in chronic colitis-associated cancer (CAC) (M. J. N. Waldner, M. F., 2015). 
However, regulatory T cells, which have been shown to attenuate tumor immunosurveillance, 
act as potent suppressors of chronic inflammation and thus can have protective effects in 
CAC (Blat et al., 2014; Pastille, Pohlmann, Wirsdorfer, Reib, & Flohe, 2015; M. J. Waldner & 
Neurath, 2009). In addition, tumor-associated macrophages can exert proinflammatory (M1 
polarization state) or anti-inflammatory (M2 polarization state) effects (Wang et al., 2015). M1 
macrophages are abundant at sites of chronic inflammation and in early tumors, but tend to 
switch to a M2-phenotype during tumor progression (Mantovani, Sozzani, Locati, Allavena, & 
Sica, 2002). 
Molecular targeting of tumor-specific pathways is increasingly used in the treatment of CRC. 
Angiogenesis was identified as an attractive target (Folkman, 1971), leading to the 
development of anti-angiogenic agents such as the anti-VEGF monoclonal antibody 
bevacizumab, currently used in patients with metastatic CRC (Ranieri et al., 2006). However, 
side effects and development of tumor resistance have been reported for this type of drug 
(Vasudev & Reynolds, 2014). Therefore, there is a need for improved angiogenesis targeting 
therapies, which may be useful in CRC treatment.   
Numerous studies revealed that Dll4/Notch signaling is involved in vascular development for 
arterial cell-fate determination and in the inhibition of both physiological and pathological 
angiogenesis (M. Yan & Plowman, 2007). Dll4 targeting agents like the Dll4-Fc fusion protein 
(Ridgway et al., 2006; Scehnet et al., 2007), or anti-Dll4 antibodies (Noguera-Troise et al., 
2006; Ridgway et al., 2006) caused a pro-angiogenic effect in tumors grafted in mice that 
paradoxically leads to decreased tumor growth due to the formation of immature and 
dysfunctional vessels. 
Notch signaling is also essential in maintaining the intestinal development and homeostasis 
(Vooijs et al., 2011). In the normal gut, Dll1 and Dll4-mediated Notch signaling are required 
for intestinal stem cell proliferation and maintenance and in lineage specification of 
absorptive cells (Pellegrinet et al., 2011). In addition, epithelial Notch1-mediated signaling 
regulates the intestinal mucosal immune responses by crosstalking with NF-KB and MAPK 
pathways and therefore eliciting T-cell responses (Mathern et al., 2014). In CRC, it has been 
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shown that Dll4/Notch pathway promotes the tumor growth and maintains the cancer stem 
cell population (M. Fischer et al., 2010; Hoey et al., 2009). However, a putative role for Dll4 in 
the development of CAC has not yet been addressed. This led to used a well-established 
chemically induced CAC mouse model (Clemens Neufert et al., 2007) to characterize Dll4 
and other Notch pathway members expression in CAC and to test if Dll4/Notch signaling 
could constitute a target for CAC therapy. 
 
4.4.3 Methods 
4.4.3.1 Chemical induction of CAC 
A chemically induced model for chronic colitis-associated CRC was used (C. Neufert, C. 
Becker, & M. F. Neurath, 2007). At 8 weeks of age, CD-1 male mice were injected with the 
carcinogen azoxymethane (AOM) (Sigma-Aldrich, St. Luis, MO, USA)   (7,5 mg/Kg, i.p.). One 
week later, 3% proinflammatory dextran sodium sulphate (DSS) (MP Biomedicals, Santa 
Ana, CA, USA) was added to their drinking water for one week, followed by two weeks of 
rest. This cycle was repeated 4 times.   
 
4.4.3.2 Evaluation of anti-tumor efficacy of Dll4 blockade 
All animal-involving procedures in this work were approved by the Faculty of Veterinary 
Medicine of Lisbon Ethics and Animal Welfare Committee (Approval ID:  
PTDC/CVT/71604/2006). 
Dll4+/- (CD-1 background) mice (Duarte et al., 2004) were compared with control WT mice.  
In the therapeutical trial wild type CD-1 mice were administered with either PBS or Dll4-Fc 
(Scehnet et al., 2007) (5 mg/Kg/day, i.p., 3x/wk). The treatment started 10 weeks after 
AOM+DSS administration (when the tumors start to appear macroscopically) and continued 
for 4 weeks. 
In the two trials 12 animals per group were used. 
 
4.4.3.3 Macroscopic analysis of the large intestine 
At 14 weeks after AOM+DSS administration the animals were humanely sacrificed by 
cervical dislocation and the colon and rectum were excised, flushed and opened 
longitudinally. The tumors were counted and measured with a calliper under the dissection 
microscope. Tumor volume was calculated assuming a spherical shape. The volumes of all 
tumors from each mouse were added to give the overall tumor burden per animal. The 
inflamed intestine, intestinal tumors and livers were collected.  
 
4.4.3.4 Histopathological analysis 
The collected samples were fixed in 10% formalin for 48h, dehydrated in alcohol, cleared in 
xylene, embedded in paraffin, sectioned in 4µm-thick sections and stained with hematoxylin 
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(Fluka AG Buchs SG Switzerland) and eosin Y (Sigma, St. Louis, MO) for histopathological 
analysis. The lesions observed on the H&E large intestine sections were classified as 
hyperplasias, when only an increase of the number of cells was observed, or as adenomas 
with low and high-grade dysplasia based on the alterations of the shape of the nucleus, the 
nucleus to cytoplasm ratio, cell polarity, chromatin pattern, and changes in gland 
architecture.  
The number of neutrophils was counted in the H&E stained tumor sections under 200x 
magnification. 
Colitis lesions were recorded and scored according to the morphological criteria described by 
Cooper et al. (Cooper, Murthy, Shah, & Sedergran, 1993). 
Periodic Acid-Schiff (PAS) staining (Sigma, St. Louis, MO) was used to mark the intestinal 
goblet cells. These cells were counted in the intestine PAS stained sections using a 400x 
magnification.  
 
4.4.3.5 Immunohistochemical analysis 
After dewaxing and rehydration, endogenous peroxidase activity was quenched (15 minutes, 
1% H2O2) and antigen retrieval was performed (20 minutes at 95°C in 10mmol/L sodium 
citrate buffer, pH 6). The primary antibodies to mark Dll1 (ab76655), Dll4 (ab7280), Notch1 
(ab27526), Notch2 (ab8926), Notch3 (ab23426), Hes1 (ab71559) and 5 (ab25374) (Abcam, 
Cambridge, UK) and Jagged1 (sc-8303), Jagged2 (sc-8157), Dll3 (sc-67270) and Notch4 
(sc-5594) (Santa Cruz Biothecnology, California, USA) were diluted in PBS containing 2% 
bovine serum albumin, and incubated overnight at 4ºC with the tissue sections. These 
antibodies have been previously validated (Murta et al., 2013; Murta et al., 2014; Murta et al., 
2015). The following morning, the tissue sections were incubated with goat anti-rabbit (12-
348, Merck Millipore, Massachusetts, USA) or rabbit anti-goat (sc-2768, Santa Cruz 
Biothechnology, California, USA) horseradish peroxidase–labeled secondary antibody and 
the staining was revealed with ImmPACT DAB Peroxidase Substrate (100µl, Vector 
Laboratories, Burlingame, USA). The sections were examined under an Olympus BX51 
microscope with a 40x/0.75 objective (UPlanfL). The images were captured with an Olympus 
DP21 camera. 
 
4.4.3.6 Immunofluorescence analysis 
Normal, inflamed intestine and intestinal tumors were fixed in 4% (w/v) paraformaldehyde in 
PBS solution at 4ºC for 1h, cryoprotected in 15% (w/v) sucrose in PBS solution, embedded in 
7,5% (w/v) gelatin in PBS solution, snap frozen in liquid nitrogen and cryosectioned in 10 and 
20µm-thick sections. The following primary antibodies were used: anti-PECAM-1 (557355), 
anti-CD4 (550280), anti-CD8 (550797), anti-CD11c (BD Pharmingen, San Jose, CA, USA), 
anti-α-SMA (ab5694), anti-PCNA (ab18197), anti-Lgr5 (ab75732), anti-HIF1α (ab85866), 
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anti-FOXP3 (ab54501), anti-IL-4 (ab11524), anti-IL-17A (ab79056), anti-iNOS (ab15323), 
anti-ArgI (ab91279), anti-CD19 (ab25232) (Abcam, Cambridge, UK), anti-IFN-γ (507801) 
(Biolegend, San Diego, CA, USA), anti-lysozyme (A009902-2), anti-CD3 (A0452) (Dako, 
Glostrup, Denmark), anti-F4/80 (MCA497, AbD Serotec, Kidlington, UK) and anti-Dll4 
(AF1389, R&D Systems, Minneapolis, USA). Species-specific secondary antibodies 
conjugated with Alexa Fluor 488 and 594 (Invitrogen, Carlsbad, CA) were used to reveal 
primary antibody binding.  Tissue sections were incubated with primary antibody overnight at 
4°C and with secondary antibody for 1 hour at room temperature. Nuclei were counterstained 
with 4´, 6-diamidino-2-phenylindole dihydrochloride hydrate (DAPI; Molecular Probes, 
Eugene, OR, USA). 
Under the effect of 2-2-2 tribromoethanol anaesthesia, biotin-conjugated lectin from 
Lycopersicon esculentum (100 µg/100µl of PBS) or 1% Evans’ Blue solution (Sigma, St. 
Luis, MO, US) were administered in the caudal vein to mark vessel perfusion and 
extravasation, respectively. Both solutions were allowed to circulate for 5 minutes before the 
vasculature was transcardially perfused with 4% PFA for 3 minutes.  
Apoptosis was measured using the TUNEL assay (Roche, Mannheim, Germany). 
Fluorescent immunostained sections were examined under a Leica DMRA2 fluorescence 
microscope with a Leica HC PL Fluotar 10 and 20X/0.5 NA dry objective, captured using 
Photometrics CoolSNAP HQ, (Photometrics, Friedland, Denmark), and processed with 
Metamorph 4.6-5 (Molecular Devices, Sunnyvale, CA, USA). Morphometric analyses were 
performed using the NIH ImageJ 1.37v program. After transforming the RGB images into 
binary files, the percentage of white pixels per field was defined as a positive signal. 
 For co-localization and cell-counting analysis a Zeiss LSM 710 confocal microscope with a 
40x/1.3 NA oil objective (EC Plan-Neofluar) was used, as well as the Zen software 2009 
Light Edition (Carl Zeiss, Oberkochen, Germany), and a previously described software 
written in MATLAB (Mathworks, Natick, MA, USA) (Fernandes et al., 2014). 
 
4.4.3.7 Quantitative transcriptional analysis 
Intestine tumor samples were snap frozen in liquid nitrogen until RNA extraction (Qiagen 
RNeasy). Using the SuperScript® III First-Strand Synthesis SuperMix for qRT-PCR 
(Invitrogen, Carlsbad, CA, USA), first-strand cDNA was synthesized. Real-time PCR analysis 
was performed using specific primers and β-actin as endogenous control. 
 
4.4.3.8 Statistical analysis 
To compare measurements between control and test groups, the Mann-Whitney-Wilcoxon 
test was performed using the Statistical Package for the Social Sciences v15.0 (Chicago, IL). 
Results are presented as relative average ± SEM.  P-values <0.05 and <0.01 were 
considered significant (*) and highly significant (**), respectively. 
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4.4.4 Results 
4.4.4.1 Notch pathway members are strongly expressed in chronic colitis and CAC 
Notch pathway members are expressed in the normal gut (Sander & Powell, 2004; Schroder 
& Gossler, 2002). Previous reports showed that in acute colitis Dll4, Notch1, NICD and Hes1 
presence increases in the colonic crypts (Okamoto et al., 2009; Shimizu et al., 2014). 
However, there is yet no information about the expression of Notch pathway members in 
chronic colitis and in CAC. Therefore, we assessed the protein expression of all Notch 
pathway ligands and receptors and of two of its effectors, Hes1 and Hes5, in these settings. 
In the intestine of mice affected by chronic colitis, we observed the presence of Dll1 in goblet 
cells (Fig. 37A), Dll3 was absent in the colorectal epithelium (Fig. 37A) and Dll4 was present 
in both absorptive and goblet cells (Fig. 37A). Jagged1 was observed diffusely through all the 
crypts, but mainly in their upper region (Fig. 37A) and Jagged2 was found at the bottom of 
the crypts, in the proliferative zone (Fig. 37A). Relatively to the receptors, Notch1 was 
present only in a few cells at the bottom of the crypts (Fig. 37C), while Notch2, 3 and 4 were 
observed at the top of the crypts (Fig. 37C). Notch2 and 3 were present in some colonocytes 
and Notch4 in differentiated goblet cells (Fig. 37C). The Notch effectors Hes1 and Hes5 were 
expressed mainly at the bottom of the crypts (Fig. 37E) All the Notch pathway members 
analyzed were also present in the lamina propria, mainly Dll1, 3 and 4, Jagged1 and Hes1 
(Fig. 37A, 37C and 37E). 
We compared the expression pattern of these Notch pathway components in chronic colitis 
with that obtained in the normal gut (unpublished data). We found that, relatively to the 
normal large intestine, Jagged1, Jagged2, Notch1 and Notch4 had a similar expression 
pattern. However, Dll1 was more expressed in the lamina propria and less expressed in the 
epithelium (goblet cells). Dll3 lost its expression in the epithelium. Dll4 was observed also in 
colonocytes and was more expressed in the lamina propria. Notch2 was less expressed in 
the bottom of the crypts and appeared in some colonocytes in the top of the crypts. Notch3 
also appeared in the upper part of the crypts in some colonocytes. Hes1 was more 
expressed in the bottom of the crypts and lamina propria and less expressed in the upper 
part. Hes5 was less expressed through all the epithelium and lamina propria, mainly in the 
upper portion. 
In CAC, the expression pattern of Dll1, Dll3, Jagged1, Notch2 and Notch4 was similar to that  
observed in chronic colitis (Fig. 37A-D). However, the expression of Dll4, Notch1 and Notch3 
seemed increased in CAC, particularly that of Notch3 in the tumor stroma (Fig. 37A-D). 
Conversely, we observed decreased expression of Jagged2 in the tumor epithelium (Fig. 





4.4.4.2 Dll4 blockade reduces the formation and size of colitis-driven CR tumors 
Our expression analysis revealed that Dll4 and Notch1 are the components of Notch 
pathway that are more upregulated in CAC tumor cells relatively to the inflamed large 
intestine epithelial cells. In both settings Dll4 expression was found in the epithelium (Fig. 
37A-B), including in a few metaplastic Paneth cells (Fig. 37I-J). Dll4 was also present in the 
vasculature (Fig. 37G-H), in macrophages (Fig. 37K-L) and in some dendritic cells (Fig. 37M-
N) mainly in the inflamed intestine, as determined by co-staining for PECAM-1, F4/80, and 
CD11c, respectively. Given the increased expression of Dll4 in the tumors, we decided to 
evaluate the influence of genetic and pharmacologic Dll4/Notch pathway blockade in CAC. 
For that we compared Dll4 heterozygotes (Dll4+/-) and Dll4-Fc treated mice with WT and PBS 
treated controls. At the endpoint, compared with the controls, the Dll4+/- animals showed a 
reduction of 86%, 49% and 93% in the average number, volume and burden of tumors in the 
intestine, respectively (Fig. 38A-D). The Dll4-Fc treated animals showed a reduction of 76%, 
62% and 92% in the average number, volume, and burden of tumors, respectively (Fig. 38A-
D). 
To confirm the blockade of Dll4, we used RT-PCR to measure the transcript levels of Hey2 
and Hes1, two important downstream effectors of the Dll4/Notch pathway. Compared to WT 
controls, both were significantly downregulated in the Dll4+/ - tumors by almost 50% and 40% 
respectively and in the Dll4-Fc treated tumors both were decreased by nearly 60% (Fig. 39). 
Histopathological analysis revealed mainly hyperplasias, defined as benign lesions with 
reduced malignancy potential (Winawer et al., 1997) and tubulovillous adenomas with low 
and high-grade dysplasia (Fig. 38E). While in the controls, 49.6% and 17.4% of the lesions 
were adenomas with high- and low-grade dysplasia, respectively, and 33% were 
hyperplasias, in the Dll4+/- group the severity of the lesions was markedly reduced. In these 
animals only 29.9% of the tumors were adenomas with high-grade dysplasia, 38.1 % were 
adenomas with low-grade dysplasia and 32% were mere hyperplasias.  In the Dll4-Fc treated 
group the severity of the lesions was even further reduced, with only 8.2% of the adenomas 
showing high-grade dysplasia, 34.8% low-grade dysplasia, and the remaining 57%, 
corresponding to hyperplasias (Fig. 38F). 
Histopathological analysis of the livers revealed no evidence of induced lesions in either 













(A-F) Immunohistochemical analysis of Dll1, 3 and 4, Jagged1 and 2 (A-B), Notch1-4 (C-D), and Hes1 
and 5 (E-F) expression (indicated by arrows) in paraffin-embedded 4µm sections of WT mice inflamed 
and tumor large intestine. Scale bar = 20µm. One experiment with n = 2 and 2 fields per animal. 
Control staining was performed with the specific species IgG. (G-N) Immunofluorescence co-stainings 
of the WT inflamed (G, I, K, M) and tumor (H, J, L, N) large intestine (10µm cryosections): Dll4 (G-N) 
in red, and PECAM-1 (G-H), lysozyme (I-J), F4/80 (K-L), and CD11c (M-N) in green. The nuclei were 






Figure 38 - Dll4+/- and Dll4-Fc treated mice display a marked reduction in the number 




(A) Macroscopic colitis-driven CR tumor photographs of Dll4+/- and Dll4-Fc treated mice versus 
controls (WT/PBS treated mice). (B-D) Graphic bars represent the average ± SEM tumor number (B), 
volume (mm3) (C), and burden (mm3) (D) per group. One experiment with n = 12 per group. **P<0.01. 
(E) H&E images of the normal rectum (1), and of rectal hyperplasia (2), and adenoma with low (3) and 
high (4) grade of dysplasia, the lesions found in the animals subjected to the CAC model. Scale bar = 
50µm. (F) Graphic bars represent the proportion (%) of hyperplasias and adenomas with low or high-
grade dysplasia in the macroscopic large intestine lesions from the experimental groups (Dll4+/- and 
Dll4-Fc) and the controls (WT/PBS). One experiment with n = 12 per group. 
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RT-PCR analysis of the Dll4/Notch effectors Hey2 and Hes1 relative expression, normalized to 
Pecam-1, in Dll4+/- and Dll4-Fc treated colitis-driven CR tumors relatively to the controls (WT/PBS 
treated mice). One experiment with n = 3 per group. *P<0.05; **P<0.01. 
 
4.4.4.3 Dll4 blockade deregulates angiogenesis in CAC 
Given that blockade of Dll4 signaling is known to inhibit tumor growth by deregulating 
angiogenesis (Djokovic et al., 2010; Noguera-Troise et al., 2006; Ridgway et al., 2006; 
Scehnet et al., 2007) we performed indirect immunofluorescence to characterize the 
vasculature of the Dll4 deficient (Dll4+/-/Dll4-Fc treated) CR tumors versus controls. Relatively 
to the controls, vascular density was increased in the Dll4+/- and in the Dll4-Fc treated mice 
by 43% and 127%, respectively (Fig. 40A-B). Furthermore, the wall of the tumor vessels 
presented a reduction in the smooth muscle cell coverage density of 14% and 53% 
respectively (Fig. 40A and 40C). In addition, the tumoral vasculature exhibited loss of 
functionality, with a 34% and 69% increase of vessel extravasation (Fig. 40D-E) and a 32% 
and 60% reduction of vessel perfusion in the Dll4+/- and Dll4-Fc treated mice, respectively 
(Fig. 40F-G).  
HIF-1α is an important mediator of the hypoxic response (Ryan et al., 2000). In this setting 
we found that the tumors of Dll4+/- and Dll4-Fc treated mice exhibited a 32% and 66% 











Figure 40 - Colitis-driven CR tumors of Dll4+/- and Dll4-Fc treated mice display 






(A, D, F, H) Immunofluorescence stainings of colitis-driven CR tumors 20µm cryosections from Dll4+/- 
and Dll4-Fc treated mice versus controls (WT/PBS treated mice). Representative images of staining 
density for PECAM-1 (in green) and α-SMA (in red) (A), for PECAM-1 (in green) and Evans' Blue (in 
red) (D), for lectin (in green) and PECAM-1 (in red) (F), and for PECAM-1 (in green) and HIF-1α (in 
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red) (H). The nuclei were conterstained with DAPI (blue). Scale bar = 100µm. (B, C, E, G, I) Graphic 
bars represent the relative (%) ± SEM CR tumor vascular density (B), maturity (C), extravasation (E) 
and perfusion (G), and the relative (%) ± SEM hypoxia (I) in the animals described above. One 
experiment with n = 6 per group and 6 fields per animal. *P<0.05; **P<0.01. 
 
4.4.4.4 Dll4 inhibition reduces chronic colitis and CR tumor inflammation 
Chronic colitis is associated with elevated risk of CRC, as inflammatory cells have a major 
role in promoting neoplastic transformation (T. Tanaka et al., 2003). Therefore we scored the 
colitis severity (from grade 1 to 3) in the large intestine of Dll4 deficient (Dll4+/-/Dll4-Fc 
treated) and control mice. The analysis revealed that Dll4+/- but mainly Dll4-Fc treated mice 
had less severe colitis lesions than the controls (Fig. 41A-B). While in the latter, the majority 
of the lesions found were grade 2 and a few grade 3, in the Dll4+/- but mainly in the Dll4-Fc 
treated mice, most of the lesions found were grade 1 and, most importantly, no grade 3 
lesions were observed (Fig. 41A-B). 
Additionally, we analyzed by immunofluorescence or H&E staining the immune cell infiltration 
and the gene expression of specific cytokines and inflammatory mediators in the Dll4 
deficient (Dll4+/-/Dll4-Fc treated) and control CR tumors. 
We observed that, in this model of CAC, the tumors were mainly infiltrated by F4/80 positive 
macrophages, the majority being of the M2 subtype (where the M1 and M2 macrophages 
were determined by co-staining of F4/80 with iNOS or Arginase I, respectively) (Fig. 42A and 
42C). Several CD11c+ dendritic cells (Fig. 42D) were also present, mainly at the base of the 
tumors, along with a few neutrophils (identified in H&E-stained sections) (Fig. 42H). 
Additionally we observed high expression of IFN-γ and IL-17A and lower expression of IL-4 
in the tumors (Fig. 43A-C). These were also infiltrated by many helper, cytotoxic and 
regulatory T cells (by marking the CD3+CD4+, CD3+CD8+ and FOXP3+ cells, respectively) 
(Fig. 44A, 44C and 44E) and by only a few CD19+ B cells (Fig. 44G). 
We found that, relatively to the controls, Dll4+/- and mainly Dll4-Fc treated mice had less 
infiltrating macrophages (Fig. 42A-C), dendritic cells (Fig. 42D-G) and neutrophils (Fig. 42H-
I) in the CR tumors. Interestingly, the proportion of proinflammatory M1 macrophages was 
significantly reduced (Fig. 42F). The M2 subset, however, was not significantly altered (Fig. 
42F).  
Furthermore, Dll4 inhibition decreased the relative expression of several cytokines involved 
in inflammation (Il-2, Ifn-γ, Tnf-α, Il-4, Il-10, Il-13, Il-17a, ll-6) in the tumors (Fig. 42J). 
Importantly, the relative expression of the proinflammatory and protumoral Tnf-α and Il-6 
cytokines (Rizzo et al., 2011) was reduced by 31% and 40% in the Dll4+/- tumors, 
respectively, and by 64% and 69% in Dll4-Fc treated tumors, respectively (Fig. 42J). The 
transcription of the inflammatory enzymes Cox-2 and iNos (Fig. 42J) and the protein level of 
iNOS (Fig. 42E) were also reduced in the Dll4+/- and mainly in Dll4-Fc treated tumors. The 
CAC promoter Nfkb2 (Rizzo et al., 2011) was reduced by 44% and 52% in the Dll4+/- and 
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Dll4-Fc treated tumors, respectively, while the CAC inhibitor Tgf-β (Rizzo et al., 2011) was 
increased by 62% and 70% in these same tumors, respectively (Fig. 42J). Interestingly, the 
relative expression of the proinflammatory cytokines Il-2, Ifn-γ and Il-17a was more reduced 
than the relative expression of the anti-inflammatory cytokines Il-4, Il-10 and Il-13 in the 
Dll4+/- and Dll4-Fc treated tumors (Fig. 42J). Accordingly, the number of cells positive to IFN-
γ and IL-17A was more reduced than those positive to IL-4 in these same tumors relatively to 
the controls (Fig. 43A-D). 
Regarding the adaptive immunity, the number of helper and mainly cytotoxic T cells was 
significantly decreased in the Dll4+/- and Dll4-Fc treated tumors (Fig. 44A-D). However, 
FOXP3, a marker of regulatory T cell differentiation (Korn et al., 2009), was slightly increased 
in these tumors (Fig. 44E-F). In the case of B cells, these were relatively few in all tumors 
without significant variation among groups (Fig. 44G-H). 
 




(A) H&E staining of paraffin-embedded large intestine 4µm sections from Dll4+/- and Dll4-Fc treated 
mice versus controls (WT/PBS treated mice). Representative images of the normal large intestine and 
of colitis with severity of grade 1 to 3. Scale bar = 100µm. (B) Graphic bars represent the proportion 
(%) of each classification of colitis severity (1-3) in the samples from the animals described above. 















Figure 42 - Dll4 blockade downregulates innate immunity, M1 macrophage polarization 






(A, C, D) Immunofluorescence stainings of colitis-driven CR tumor 10µm cryosections from Dll4+/- and 
Dll4-Fc treated mice versus controls (WT/PBS treated mice). Representative images of staining 
density for F4/80 (in red) and iNOS (in green) (A), for F4/80 (in red) and Arginase I (in green) (C), and 
for CD11c (in green) (D). The nuclei were counterstained with DAPI (in blue). Scale bar = 50µm. (B, E, 
F, G) Graphic bars represent the relative (%) ± SEM number of F4/80+ macrophages (B), density of 
iNOS (E), F4/80+iNOS+ M1 and F4/80+Arginase I+ M2 macrophage proportion (F), and number of 
CD11c+ dendritic cells (G) in the CR tumors from the animals described above. One experiment with 
n = 6 per group and 6 fields per animal. (H) H&E staining of paraffin-embedded CR tumor sections 
(4µm) from Dll4+/- and Dll4-Fc treated mice compared to controls (WT/PBS treated mice). 
Representative images of neutrophils (indicated by arrows) in the CR tumors.  Scale bar = 20µm. (I) 
Graphic bars represent the relative (%) ± SEM number of neutrophils. (J) RT-PCR analysis of Il-2, Ifn-
γ, Tnf-α, Il-4, Il-10, Il-13, Il-17a, Tgf-β, Nfkb2, Il-6, Cox-2 and iNos relative expression in the Dll4+/- and 
Dll4-Fc treated tumors versus controls (WT/PBS treated tumors). One experiment with n = 3 per 
group. *P<0.05; **P<0.01.  
 
Figure 43 - Dll4 blockade reduces the number of cells positive to IL-4 and mainly to IL-




(A-C) Immunofluorescence stainings of colitis-driven CR tumor 10µm cryosections from Dll4+/- and 
Dll4-Fc treated mice versus controls (WT/PBS treated mice). Representative images of staining 
density for IFN-γ (in green) (A), for IL-4 (in red) (B), and for IL-17A (in green) (C). Nuclei were 
counterstained with DAPI  (in blue). Scale bar = 50µm. (D) Graphic bars represent the relative 
percentage ± SEM of cells positive to IFN-γ, IL-4 and IL-17A in the CR tumors from the animals 







Figure 44 - Dll4 blockade inhibits helper and cytotoxic T cell, but not B cell, 





(A, C, E, G) Immunofluorescence stainings of CR tumor 10µm cryosections from Dll4+/- and Dll4-Fc 
treated mice versus controls (WT/PBS treated mice). Representative images of staining density for 
CD3 (in green) and CD4 (in red) (A), for CD3 (in green) and CD8 (in red) (C), for FOXP3 (in green) 
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(E), and for CD19 (in green) (G). Nuclei were counterstained with DAPI  (blue). Scale bar = 50µm. (B, 
D, F, H) Graphic bars represent the relative percentage ± SEM of cells positive to CD4 and CD3 (B), 
to CD8 and CD3 (D), to FOXP3 (F), and to CD19 (H) in the CR tumors from the animals described 
above. One experiment with n = 6 per group and 6 fields per animal. *P<0.05; **P<0.01. 
 
4.4.4.5 Dll4 blockade decreases the number of Lgr5 positive stem cells and increases 
secretory lineage differentiation in the large intestine inflammatory and tumoral 
lesions 
Tumors are characterized by deregulated cell proliferation and suppression of apoptosis, two 
hallmarks critical for neoplastic progression (Hanahan & Weinberg, 2000). We assessed if 
the Dll4 inhibition affected tumor cell apoptosis and proliferation. Compared with the controls, 
a significant increase in the number of apoptotic cells in the Dll4+/- and Dll4-Fc treated tumors 
(54% and 82%, respectively) was observed (Fig. 45A-B). Additionally, both Dll4+/- and Dll4-Fc 
treated tumors presented less proliferating cells than the controls (52% and 61%, 
respectively) (Fig 45C-D). As Dll4 loss-of-function decreased the tumor number, we 
assessed its effect on the number of Lgr5+ stem cells. We found that in the Dll4+/- and Dll4-
Fc treated animals these cells were decreased by 39% and 31%, respectively, in the tumors 
(Fig. 45E-F), but not in the inflamed large intestine (Fig. 46A-B). 
We observed the presence of Paneth cell metaplasia in the tumors of all groups, mainly in 
the Dll4+/- and Dll4-Fc treated groups. Specifically, relatively to controls, in the Dll4+/- and 
Dll4-Fc treated inflamed large intestine, the number of Paneth cells was increased by 29% 
and 20%, respectively (Fig. 46C-D), while in the tumors these cells were increased by 42% 
and 31% respectively (Fig. 45G-H). We also observed that the proportion of goblet cells was 
increased by 36% and 24% in the inflamed colorectal epithelium (Fig. 46E-F) and by 50% 
and 36% in the tumor epithelium of Dll4+/- and Dll4-Fc treated mice, respectively (Fig. 45I-J). 
Therefore the inhibition of Dll4/Notch signaling in the inflamed large intestine and mainly in 
CAC seems to lead the Lgr5+ stem cells to differentiate towards the Paneth and goblet cell 
secretory lineages. However, this was not observed in the normal large intestine of Dll4+/- and 












Figure 45 – Colitis-driven CR tumors with Dll4 inhibition show increased apoptosis, 





(A, C, E, G) Immunofluorescence staining of colitis-driven CR tumor 10µm cryosections from Dll4+/- 
and Dll4-Fc treated mice versus controls (WT/PBS treated mice). Representative images of staining 
density for TUNEL (in green) and PECAM-1 (in red) (A), for PCNA (in green) and PECAM-1 (in red) 
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(C), for Lgr5 (in green) (E), and for lysozyme (in green) (G). Nuclei were counterstained with DAPI  (in 
blue). Scale bar = 100µm. (B, D, F, H) Graphic bars represent the index (%) ± SEM of apoptosis (B) 
and proliferation (D), and of the relative density (%) ± SEM of Lgr5 (F) and lysozyme (H) in the CR 
tumors of the animals mentioned above. (I) Representative images of PAS staining of goblet cells in 
colitis-driven CR tumors (paraffin-embedded 4µm sections) from Dll4+/- and Dll4-Fc treated mice 
versus controls (WT/PBS treated mice). Scale bar = 50µm. (J) Graphic bars represent the proportion 
(%) ± SEM of goblet cells in the CR tumor epithelium of the animals described above. One experiment 
with n = 6 per group and 2 to 6 fields per animal. *P<0.05; **P<0.01. 
 
Figure 46 - In inflamed large intestine Dll4 inhibition does not affect the number of 
Lgr5 positive cells, but slightly increases secretory lineages differentiation 
 
 
(A, C) Immunofluorescence stainings of inflamed large intestine 10µm cryosections from Dll4+/- and 
Dll4-Fc treated mice versus controls (WT/PBS treated mice). Representative images of staining 
density for Lgr5 (in green) (A) and for lysozyme (in green) (C). Nuclei were counterstained with DAPI 
(in blue).  Scale bar = 50µm. (B, D) Graphic bars represent the Lgr5 (B) and lysozyme (D) relative 
density (%) ± SEM in the inflamed large intestine of the animals mentioned above. (E) PAS staining of 
goblet cells in the inflamed large intestine (paraffin-embedded 4µm sections) from Dll4+/- and Dll4-Fc 
treated mice versus controls (WT/PBS treated mice). Scale bar = 50µm. (F) Graphic bars represent 
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the proportion of goblet cells (%) ± SEM in the inflamed large intestine epithelium of the animals 
described above. One experiment with n = 6 per group and 2 to 6 fields per animal. *P<0.05. 
 
4.4.5 Discussion 
Patients with IBD have high probability of developing CRC. Currently available therapies for 
this type of cancer are still insufficient (Jemal, Thomas, Murray, & Thun, 2002).  
Dll4/Notch signaling has been proposed as a target for cancer therapy due to its crucial role 
on tumor angiogenesis (Djokovic et al., 2010; Noguera-Troise et al., 2006; Ridgway et al., 
2006; Scehnet et al., 2007). Additionally, this pathway is constitutively active in CRC (Qiao & 
Wong, 2009). Previous studies have shown that anti-Dll4 therapy inhibits the colorectal 
cancer growth and the frequency of cancer stem cells (M. Fischer et al., 2010; Hoey et al., 
2009). Furthermore, there are several reports indicating that Notch signaling regulates 
immune responses in the gut (Mathern et al., 2014; Obata et al., 2012; Okamoto et al., 2009; 
Shinoda et al., 2010). Additionally, this pathway seems to crosstalk with NF-KB and MAPK 
pathways to promote T-cell responses (Mathern et al., 2014). We may therefore speculate 
that Dll4/Notch signaling activation may be crucial in the development of CAC. In the present 
work we assessed for the first time the effect of Dll4 inhibition on IBD and on CAC. A 
previous report showed that in the normal human colon Dll4 is present in occasional cells in 
the superficial surface mucosa, being absent in goblet cell (Jubb et al., 2009). Other 
members of the Notch pathway are also present in this region (Sander & Powell, 2004). In 
acute colitis, upregulation of Dll4, Notch1, NICD and Hes1 expression has already been 
described (Okamoto et al., 2009; Shimizu et al., 2014). However, the expression pattern of 
Notch pathway members in chronic colitis and in CAC remained unknown. We started by 
evaluating the expression of Dll4 and other Notch pathway members in the inflamed large 
intestine and in CAC. We found a strong presence of Notch pathway components in both 
chronic colitis and CAC. Among these, Dll4 and Notch1 seemed to be the most upregulated 
in tumor cells compared with the inflamed colorectal epithelium. Jubb et al. described that in 
human colon cancer samples, Dll4 was highly expressed mainly in the endothelium and in 
the neoplasic cells with goblet cell differentiation (Jubb et al., 2009). However, we found that 
in chronic colitis and in CAC Dll4 is present in goblet cells, but also in colonocytes and other 
tumor cells, respectively. In these settings we also observed Dll4 expression in some 
metaplastic Paneth cells and in some cells of the lamina propria, including macrophages and 
dendritic cells. 
Given the marked upregulation of Dll4 in CAC, we analyzed the impact of its allelic loss on 
CAC development. As it inhibited the tumor formation and growth, we then tested a 
pharmacological blockade of Dll4 using Dll4-Fc. We observed that Dll4 inhibition reduced 
mainly the tumor number, suggesting that Dll4 could have a role in the initiation of CAC. 
Interestingly, the decrease in the tumor number upon Dll4 blockade was associated with a 
reduction in the density of Lgr5+ tumor stem cells, which appeared to differentiate more into 
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the Paneth and goblet cells secretory lineages. Therefore, Dll4/Notch signaling seems to 
have a role in maintaining the undifferentiated state of the tumor stem cells and in favoring 
colonocyte lineage differentiation. Remarkably, Dll4 blockade, in contrast with previously 
tested γ-secretase inhibitors (van Es, van Gijn, et al., 2005), caused no discernible impact on 
normal intestinal goblet cell differentiation. Radtke's group had already previously identified 
Dll1 as a key regulator of the mouse intestine (Pellegrinet et al., 2011) and showed that 
intestine-specific inactivation of either Dll4 or Jag1 had no phenotype, while the loss of Dll1 
resulted in a moderate increase in goblet cell numbers. Additionally, Dll1-Dll4 double 
knockout mice developed even more intestinal abnormalities (Pellegrinet et al., 2011). 
Therefore, it is likely that Dll1 may compensate for the lack of Dll4 in the healthy intestine. 
However, during chronic colitis and especially in CAC, the differentiation towards the 
secretory lineages was favored upon Dll4 blockade. Nevertheless, this increase in 
differentiation did not result in a macroscopic effect, indicating that the intestinal inhibition of 
Dll4 may be used without causing the severe side effects associated with γ-secretase 
inhibitors.  
Additionally, Dll4 blockade caused a reduction in tumor volume, presumably associated with 
its crucial role on the regulation of angiogenesis. The analysis of the vasculature of Dll4 
deficient tumors showed an increase in vascular density. As previously reported, these newly 
formed vessels were defective, presenting reduced smooth muscle coverage, increased 
extravasation and reduced perfusion. This caused hypoxia-limited tumor growth. 
Consequently, an increase in tumor cell death and a decrease in tumor cell proliferation were 
detected. However, it seems that this is not the only mechanism responsible for the observed 
reduction of tumor growth. In fact, a recent report showed that the knockdown of Notch1, 
probably the main Dll4 receptor, significantly inhibited the proliferation, colony and 
tumorsphere formation of SW480 and HT-29 cells, induced apoptosis and cell cycle arrest at 
G0/G1 phase, and mitigated the development and growth of implanted colon cancers in vivo 
(Zhang, Li, Ji, & Zheng, 2010). Therefore a potential direct pro-apoptotic and anti-proliferative 
effect of Dll4 inhibition should also be considered.  
Dll4 blockade reduced the severity of colitis and CR tumor inflammation. As in colitis and in 
CAC Dll4 is expressed in some macrophages and dendritic cells, it may therefore regulate 
tumor and non-tumor CR inflammation through these cells. Additionally, Dll4 is expressed in 
some antimicrobial metaplastic Paneth cells, whose density increases after Dll4 blockade. 
Thus, Dll4 inhibition may decrease the CR inflammation in part by promoting Paneth cell 
metaplasia. Furthermore, Dll4 blockade inhibitory effect on vascular perfusion may also help 
restrain the immune cell influx to the inflammation site. 
Osawa and colleagues showed that in the AOM plus trinitrobenzene sulfonic acid (TNBS) 
CAC model, the disease is mediated by IL-4 rather than IFN-γ (Osawa et al., 2006). However, 
a study that used the AOM+DSS model, indicated that IL-17A ablation resulted in the 
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reduction of the number and average tumor size and decreased the inflammatory mediators 
IL-6, IFN-γ and TNF-α and the tumor cell proliferation (Hyun et al., 2012). In the present work 
we also used the AOM+DSS model. Our protein expression analysis indicated that the CAC 
condition is mediated mainly by IL-17A and IFN-γ rather than IL-4. Furthermore, IL-17A 
rather than IFN-γ might sustain inflammation and promote CAC development as previously 
suggested (Rizzo et al., 2011).  
We found that Dll4 blockade reduced the accumulation of cells of both the innate and 
adaptive immune system, which is probably interrelated, as antigen-presenting cells are 
important T cell stimulators (Sprent, 2005). In addition, it inhibited the proinflammatory M1 
macrophage polarization. The effect of Dll4 inhibition on macrophage accumulation and 
polarization was similar to that previously described in atherosclerosis (Fukuda et al., 2012; 
Fung et al., 2007). Specifically, these studies showed that Dll4 blockade attenuated 
atherosclerosis by reducing the accumulation of macrophages and the level of NF-KB 
activation (Fukuda et al., 2012; Fung et al., 2007) and by inhibiting the proinflammatory M1 
phenotype (Fukuda et al., 2012). 
Additionally, Dll4 inhibition led to increased accumulation of regulatory T cells in the tumors. 
This effect on regulatory T cell differentiation was previously described in autoimmune 
diseases, where the inhibition of Dll4/Notch signaling decreased the severity of the disease 
and the inflammation by increasing the pool of these cells (Bassil et al., 2011; Jiao et al., 
2014; Takeichi et al., 2010; Tran et al., 2013). Furthermore, the transcription of Tgf-β was 
increased in Dll4 deficient tumors and may have promoted the innate and adaptive immunity 
phenotypes observed in CAC. It is known that tumor-derived TGF-β represses the activation, 
maturation and differentiation of the innate immune cells and CD4 and CD8 T-cells and 
induces the recruitment and differentiation of regulatory T cells (Flavell et al., 2010). TGF-β 
signaling was also shown to inhibit IFN-γ production and to promote the differentiation of IL-
17 producing cells in the presence of IL-6 (Flavell et al., 2010). We found that Dll4 inhibition 
led to a stronger decrease of the expression of the proinflammatory cytokines Il-2, Ifn-γ and 
Il-17a than of the anti-inflammatory cytokines Il-4, Il-10 and Il-13. As the transcription of Il-6 
was decreased in Dll4 deficient tumors, this may have blocked IL-17A producing cell 
differentiation despite the increased transcription of Tgf-β. In turn, the decreased Il-6 gene 
expression may have been caused by Nfkb2 downregulation in the same tumors, as it was 
demonstrated that Il-6 transcription results from NF-KB activation (Grivennikov et al., 2009). 
This, in turn, depends on Tnf-α expression, which was also downregulated in these tumors 
(Rizzo et al., 2011). Furthermore, Il-6 decreased gene expression was also probably 
associated with the decreased number of IL-6 producing dendritic cells, macrophages and T 
cells (Grivennikov et al., 2009) in Dll4 deficient tumors. 
Nevertheless, the observed inflammatory profile in Dll4 deficient mice was concordant with 
previous reports, indicating that Dll4 inhibition seems to restrain the abnormal and excessive 
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immune response that characterizes IBD and eventually promotes CAC (Kraus & Arber, 
2009). In addition, we observed that the immunomodulatory cytokine IL-10 was only slightly 
reduced in Dll4 deficient tumors; thereby IL-10 function is probably maintained in these 
animals. Therefore, our results showed that besides promoting dysfunctional tumoral 
angiogenesis, Dll4 blockade seems to also inhibit intestinal tumor initiation and development, 
in part by reducing inflammation and the expression of important promoters of CAC, such as 
the antiapoptotic and proliferation inducer Tnf-α/Nfkb2/Il-6 pathway (Karin, 2009; Rizzo et al., 
2011) and by increasing the expression of the CAC inhibitor Tgf-β (Rizzo et al., 2011).  
To further understand the effect of Dll4 inhibition on CAC, we performed a microscopic 
analysis of the Dll4 deficient tumors versus controls. Although the number of adenomas 
versus hyperplasias seemed similar between heterozygous and control mice, the grade of 
adenomatous dysplasia was reduced in the Dll4+/- group. As dysplasia is a precursor of CRC 
in IBD (Itzkowitz & Harpaz, 2004), this result indicates that the blockade of Dll4 seemed to 
promote some delay in the neoplasic transformation. The phenotype observed in Dll4+/- mice 
may be associated to the observed reduced inflammation and angiogenic dysfunction.  This 
and the promotion of stem cell differentiation may have, in this case, prevented the abnormal 
proliferation and accumulation of mutations that normally leads to neoplasic development. In 
the case of Dll4-Fc therapy, the Dll4 inhibition significantly reduced the number of 
neoplasias. Therefore, the majority of the Dll4-Fc treated lesions were hyperplasias, benign 
lesions that have no potential for malignancy (Winawer et al., 1997). Thus, Dll4-Fc therapy 
had an important role in reducing the neoplasic development. This could be associated to the 
fact that Dll4-Fc therapy seems to have a more significant effect on the tumor and non-tumor 
inflammation and also in tumor angiogenesis than the genetic Dll4 deletion. This and the 
Dll4/Notch gene effectors level, suggests that the dosage of Dll4-Fc used is capable of 
reducing Dll4 signaling activity below the 50% level expected in Dll4+/- mice (Duarte, 2004). 
Nevertheless, despite the differences in the level and period of Dll4 blockade between the 
genetic and pharmacological experiments, in both models Dll4/Notch signaling inhibition 
blocked the initiation and progression of colitis-associated CRC, confirming each other 
results.  
In conclusion, we described for the first time the mechanisms by which Dll4 blockade could 
be beneficial in the treatment of CAC. We believe that this therapy could also be useful to 
treat IBD and therefore to prevent CRC formation. Our findings have important implications 
as they show that, in addition to the effect on tumor angiogenesis, Dll4 blockade also seems 
to inhibit CAC initiation and progression by reducing inflammation and proliferation and, 
conversely, by promoting stem cell differentiation and apoptosis. Despite further studies 
being needed, these multifactorial Dll4-Fc mechanisms of action could be beneficial to avoid 




CRC remains the second leading cause of cancer-related death in the Western world (Jemal 
et al., 2011). Most cases are sporadic (Bogaert & Prenen, 2014) and a small proportion is 
hereditary, such as familial adenomatous polyposis (FAP) syndrome (Bogaert & Prenen, 
2014), and associated to the inflammatory bowel diseases ulcerative colitis (Svartz & 
Ernberg, 1949) and Crohn’s disease (Ekbom et al., 1990). The development of novel 
therapeutic and preventive strategies that can target critical CRC-related pathways is 
needed. Studies have indicated that Notch signaling is expressed and constitutively activated 
in CRC (Reedijk et al., 2008) and its inhibition is able to suppress CRC initiation and growth 
(Ghaleb et al., 2008; van Es & Clevers, 2005; van Es, van Gijn, et al., 2005), and sensitize 
the cancer cells to the standard therapies (Akiyoshi et al., 2008; Meng et al., 2009). 
However, Notch signaling is also required to maintain the normal gut homeostasis by 
regulating stem cell proliferation and survival as well as cell lineage differentiation (Fre et al., 
2005). Therefore, successful targeting of Notch signaling in CRC will require a considerable 
refinement of our understanding of the regulation of this pathway and its effects in both 
normal and cancer intestinal cells. Indeed, treatment with GSIs that inhibit the cleavage of 
Notch receptors has been found to result in severe gastrointestinal toxicity, limiting their 
therapeutic utility (Milano et al., 2004). Thus, chronic, long-term suppression of Notch 
signaling is likely to require more selective agents, such as DLL4 inhibitors that have been 
shown to block tumor growth by promoting nonproductive angiogenesis and reduce tumor 
stem cell frequency in cancer (Djokovic et al., 2010; M. Fischer et al., 2010; Hoey et al., 
2009; Ridgway et al., 2006; Scehnet et al., 2007). Nevertheless, there are some concerns 
about Dll4 blockade-based therapies as they can lead to potentially significant toxicity 
(Djokovic et al., 2010; J. L. Li et al., 2010; Minhong Yan et al., 2010), promote hypoxia-
mediated malignancy (Hayden, 2009), limit the delivery of concomitant therapies, and lead to 
tumor regrowth through normalization of anti-Dll4 mediated vascular defects. Therefore, the 
opposite approach, activating Dll4, has being considered as a novel anti-angiogenic therapy 
strategy. However, this can lead to tumor growth or shrinkage in different types of tumors by 
reducing or increasing the tumor hypoxia and apoptosis, respectively (J. L. Li et al., 2007; 
Segarra et al., 2008).  
The effect of Dll4/Notch signaling on tumor angiogenesis and therefore tumor growth has 
been extensively studied and dissected (Djokovic et al., 2010; Hoey et al., 2009; Noguera-
Troise et al., 2006; Ridgway et al., 2006; Scehnet et al., 2007). In CRC this signaling may 
also regulate the tumor initation by affecting the cancer stem cell frequency (M. Fischer et al., 
2010; Hoey et al., 2009). However, the role of Dll4/Notch pathway in precancerous intestinal 
lesions, the initiating event of CRC development, has never been studied. 
Therefore we explored, by modulating Dll4/Notch signaling genetically and 
pharmacologically, how it affects the establishment and growth of adenomas in the ApcMin/+ 
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model and in the AOM+DSS model of chronic-colitis associated cancer (CAC).  Additionally, 
we evaluated if the nonfunctional vasculature caused by anti-Dlll4 therapy affected the 
delivery of the anti-CRC EGFR-specific tyrosine kinase inhibitor (TKI) erlotinib in the ApcMin/+ 
model.  
We first evaluated the expression pattern of Notch components in the ApcMin/+ small and 
large intestine tumors, and during DSS-induced chronic colitis and in AOM+DSS derived 
CAC, as this has been poorly studied. We compared the expression of Notch components in 
these settings with the one in the normal gut. Our results complemented the already 
published data of Notch pathway expression pattern in the normal gut (Sander & Powell, 
2004; Schroder & Gossler, 2002). Thus we found that all Notch receptors, and not only 
Notch1 and 2, and all their ligands are expressed in the small and large intestine epithelium. 
We confirmed that this pathway is strongly present and is being activated, at least, through 
Hes1 and 5 Notch target genes in the gut in all the analyzed settings. Additionally, we 
observed numerous changes in the expression pattern of Notch members relatively to the 
normal gut. The most upregulated components in CAC were Dll4, Notch1 and Notch3, 
whereas in ApcMin/+ tumors these were Dll4, all Notch receptors and Hes1, with some 
regional differences. Therefore, in both models Dll4 was the most upregulated ligand. It 
acquired ectopic expression in absorptive cells in all the settings and its expression was 
increased mainly in the lamina propria in chronic colitis and in the tumor epithelium in CAC 
and ApcMin/+ tumors. Furthermore, it was expressed in the vasculature as expected and near 
the Lgr5+ stem cells in all these settings. 
Given the increased expression of Dll4 in chronic colitis and in the tumors, we evaluated the 
influence of Dll4 blockade in CAC and in the ApcMin/+ model. In addition, as there are some 
concerns about the safety of anti-Dll4 therapies, we also analyzed the alternative approach 
of stimulating Dll4/Notch signaling in the ApcMin/+ model. For this we used endothelial-specific 
Dll4 gain-of-function mice, because Dll4 in the epithelium may promote CRC rather than 
inhibit it (Hoey et al., 2009).  
 
When we inhibited Dll4 genetically and pharmacologically, we observed that in the normal 
gut, despite being present, Dll4 is not essential to maintain its homeostasis. This is due to 
Dll1/Notch signaling compensation, as a previous work demonstrated that Dll4 and mainly 
Dll1 are essential for intestinal stem cell maintenance and enterocyte differentiation in the 
normal gut (Pellegrinet et al., 2011). However, when we deregulated Dll4 in CAC and in the 
ApcMin/+ mice we observed a strong phenotype that was similar in both models, indicating that 
Dll4 is important in the development of intestinal adenomas, acting through similar 
mechanisms of action in both colitis-related and Apc mutated tumors. In addition, in the 
ApcMin/+ model the Dll4 blockade associated phenotype was similar in the small and large 
intestine tumors, but the inhibition of Dll4/Notch signaling was more effective in the large 
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intestine. However, it was more successful reducing the tumor number in the small intestine 
and more effective reducing the tumor volume in the large intestine. This could be related to 
the observed different regional distribution of N1ICD, as in the small intestine tumors N1ICD 
was observed primarily in the epithelium, while in the large intestine tumors it was mostly 
observed in the stroma. 
In both CAC and ApcMin/+ models Dll4/Notch signaling seems to promote mainly the tumor 
initiation, by maintaining the tumor stem cells undifferentiated and promoting tumor cell 
proliferation. We found that Dll4/Notch signaling in the endothelium maintains mildly the 
ApcMin/+ tumor proliferation and the Lgr5+, but not the Bmi1+, stem cell frequency, and this is 
inhibited by the presence of nonfunctional or reduced angiogenesis caused by the blockade 
or activation of Dll4 in the endothelium, respectively. Thus, paradoxically, endothelial Dll4 
overexpression inhibited the ApcMin/+ tumor initiation almost as much as endothelial Dll4 loss-
of-function. However, other mechanisms, probably through Dll4/Notch epithelial and other 
stromal signaling, are also involved in this, as the loss of Dll4 ubiquitously promotes a 
stronger tumorigenic phenotype than the inactivation of Dll4 specifically in the endothelium. 
Therefore, Dll4 may mediate the previously observed phenotype of epithelial Notch signaling 
on intestinal tumorigenesis (Fre et al., 2009; van Es, van Gijn, et al., 2005). We found that 
Dll4/Notch signaling in the intestinal tumor epithelium may maintain the tumor stem cell 
populations through Atoh1 repression-mediated downregulation of the CDK inhibitors 
Cdkn1b and Cdkn1c (Kim & Shivdasani, 2011; Riccio et al., 2008). Furthermore, this seems 
to be also associated to the increased expression of the Wnt targets c-Myc, and Cyclin D1 
and D2 (Cole et al., 2010; He et al., 1998; J. Liu et al., 2001), possibly through Klf4 
downregulation (Ghaleb et al., 2007) by Dll4/Notch signaling, independently of Wnt/β-catenin 
activation by Apc loss-of-function. Therefore, Dll4/Notch signaling may have a synergistic 
epithelial effect with Wnt signaling to promote tumorigenesis.  
Interestingly, in the intestinal tumor epithelium, Dll4 seems to also inhibit differentiation, 
neoplasic transformation, and the secretory lineage commitment by Hes1-mediated Atoh1 
and Klf4 repression (Ghaleb et al., 2008; van Es, van Gijn, et al., 2005). This regulation of 
the secretory cell differentiation was not as pronounced as that seen with pan-Notch 
inhibitors (van Es, van Gijn, et al., 2005), because as the results of our Dll4-Fc trial in the 
ApcMin/+ model suggest, Dll4 may signal mainly through Notch1 and also Notch4 in the 
intestinal tumor epithelium, and blocking Notch1 and 2 simultaneously is necessary to 
promote the complete conversion of intestinal stem cells into secretory cells (Riccio et al., 
2008). Furthermore, as the expression of Dll1 was induced by Dll4-Fc administration, 
Dll1/Notch signaling may also attenuate this secretory differentiation (Pellegrinet et al., 
2011). Additionally, the comparison of endothelial-specific versus ubiquitous Dll4 mutant 
mice allowed us to clarify that the observed increase of tumor apoptosis in Dll4 deficient 
tumors was mainly derived from the increased level of hypoxia associated to the Dll4 
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angiogenic phenotype. Therefore, it seems that Dll4 does not have a significant direct anti-
apoptotic effect, at least in the ApcMin/+ adenomas. 
Furthermore, our studies indicated that in CAC and ApcMin/+ adenomas, Dll4/Notch signaling 
leads to tumor growth by promoting the development of a competent tumor vascular network, 
through regulation of the VEGF/VEGFR pathway, as in malignant colorectal neoplasias 
(Hoey et al., 2009). Therefore, the inhibition of Dll4 promoted non-productive angiogenesis 
that delayed the intestinal tumor growth as previously reported (Djokovic et al., 2010; Hoey et 
al., 2009; Noguera-Troise et al., 2006; Ridgway et al., 2006; Scehnet et al., 2007). 
Consistently, endothelial Dll4 activation led to the opposite effect of the Dll4 loss-of-function 
on tumor angiogenesis. However, endothelial Dll4 overexpression also inhibited the ApcMin/+ 
tumor expansion, almost as much as endothelial Dll4 loss-of-function. This anti-tumor growth 
effect by Dll4 endothelial overexpression was associated to the reduction of tumor vessel 
density as, despite the blood vessels being more mature and functional, hypoxia and 
apoptosis increased in the intestinal tumors of these mutants.  
Interestingly, Dll4 inhibition was more effective in the CAC model, accentuating the 
importance of Dll4 during chronic inflammation, which is considered the driving mechanism 
for tumor development in CAC. Indeed, in this model, Dll4 seems to promote additionally 
chronic colitis and CAC by: enhancing the number of innate and adaptive immune cells in the 
mucosa, promoting macrophage polarization into pro-inflammatory M1 subset, inducing a 
protumoral and pro-inflammatory response mediated mainly by IL-17 producing cells, 
promoting excessive and deregulated inflammation by decreasing the number of the 
immunomodulators Treg cells by TGF-β downregulation, and upregulating the 
proinflammatory enzymes COX-2 and iNOS, and the antiapoptotic and proliferation inducer 
Tnf-α/Nfkb2/Il-6 pathway (Karin, 2009; Rizzo et al., 2011). 
When we associated Dll4-Fc to erlotinib treatment in the ApcMin/+ model, Dll4-Fc therapy 
promoted nonfunctional angiogenesis, as in malignant tumors (Djokovic et al., 2010; Hoey et 
al., 2009; Noguera-Troise et al., 2006; Ridgway et al., 2006; Scehnet et al., 2007), but this 
did not seem to affect the delivery of erlotinib, and therefore probably other anti-cancer 
drugs, to the tumors. A possible explanation for this, that has to be further studied, is that 
Dll4-Fc mediated increase of the tumor vascular extravasation can lead to the accumulation 
of erlotinib in the tumor tissue. Dll4-Fc inhibited the tumor growth by its angiogenic effect, but 
erlotinib did not affect the adenoma size as previously described (Roberts et al., 2002). This 
inefficacy of erlotinib reducing the tumor growth was accompanied by unaltered level of 
tumor apoptosis and seemed also related to its angiogenic phenotype that reduced hypoxia 
by “normalizing the tumor vasculature”. Erlotinib promoted Notch1 activation in the tumors, 
which has been extensively shown to be a critical regulator of tumor angiogenesis (Dufraine 
et al., 2008) and apoptosis (Qiao & Wong, 2009) and therefore may be connected to the lack 
of efficacy in reducing tumor growth of erlotinib therapy. Nevertheless, when we associated 
 128 
Dll4-Fc to erlotinib, the angiogenic effect of Dll4-Fc was stronger than the effect of erlotinib 
and therefore the treated tumors were smaller than the controls. More importantly, the 
combination of Dll4-Fc and erlotinib had an additive effect reducing the tumor number by 
inhibiting the tumor proliferation and maintenance of Lgr5 positive tumor stem cells through 
downregulation of the cell cycle regulators c-Myc, and Cyclin D1 and D2, mostly 
independently of β-catenin activation. Dll4-Fc had also a negative effect on Bmi1 expression 
and a more pronounced effect in reducing  tumor proliferation than erlotinib, which can be 
associated to the observed increase of the Cyclin-dependent kinase inhibitors Cdkn1b and c 
only in the Dll4-Fc treated tumors. the Dll4-Fc therapy alone inhibited the neoplastic 
transformation, and led to tumor differentiation, probably associated to Cdkn1b upregulation. 
This differentiation was moderately deviated towards the secretory cell fates. However, when 
Dll4-Fc was combined with erlotinib, the increase of differentiation was not deviated into any 
specific lineage, possibly because erlotinib caused the activation of Notch1 signaling and 
therefore repressed Atoh1 expression. 
  
 
In summary, in the present work we observed that Dll4/Notch signaling promotes the 
establishment and growth of inflammation-related and ApcMin/+ dysplastic intestinal 
adenomas by regulating: angiogenesis, inflammation, proliferation, apoptosis, differentiation/ 
neoplastic transformation, and the maintenance of tumor stem cells. In addition, we 
dissected that most of these processes are regulated through angiogenic, but also by non-
angiogenic related mechanisms. All the strategies used to inhibit Dll4/Notch signaling were 
greatly effective in reducing the intestinal tumor multiplicity and size, mainly in the colitis-
driven tumors. Paradoxically, the anti-angiogenic phenotype induced by endothelial-specific 
activation of Dll4 was almost as effective inhibiting the tumor development as the 
dysfunctional vasculature promoted by endothelial Dll4 loss-of-function. Furthermore, we 
found that Dll4-Fc therapy did not impair the delivery of erlotinib to the tumors, but instead 
these therapies had a synergistic effect on intestinal tumorigenesis without promoting 
toxicity. Therefore, either Dll4/Notch inactivation or activation-based therapeutic approaches, 
and mainly targeting DLL4/Notch and EGFR simultaneously, should be considered at initial 
stages of CRC and as chemoprevention on patients predisposed to this disease, such as 
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7 ANNEX I – Dll4 transgenic mouse strains 
Dll4+/LacZ mouse strain 
This mouse strain was generated in a CD1 background. The Dll4 gene was inactivated by 
targeted disruption in embryonic stem cells. The targeting vector was designed to replace the 
initiation codon and the first three coding exons with the β-galactosidase (lacZ) reporter gene 
(Duarte, 2004). 
 
Dll4lox/lox VE-Cadherin-CreERT2 and Dll4lox/lox Cag-CreERT2 mouse strains 
These mouse strains carry loxP sites flanking the first three coding exons of the Dll4 gene 
(Dll4lox/lox) (Koch et al., 2008), which enables binding by the recombinase Cre (that 
recognizes the loxP sites) and excision of this sequence therefore inactivating Dll4. The 
expression of the recombinase Cre, which is activated by the administration of tamoxifen, 
occurs in the endothelium under the VE-Cadherin promoter in the case of the VE-Cadherin-
CreERT2 mice (Monvoisin et al., 2006) and ubiquitously under the CAG promoter in the Cag-
CreERT2 mice (Sakai & Miyazaki, 1997). 
  
Tie2-rtTA-TetO7-Dll4 mouse strain 
The TetO7-Dll4 transgenic construct was produced by cloning the mouse Dll4 cDNA into 
p(tetO7)-CMV-bGH and was used in pronuclear microinjection to generate Dll4 conditional 
overexpression transgenics (A. Trindade et al., 2008). rtTA is a fusion protein comprised of 
the Tet repressor DNA binding protein (TetR) and the VP16 transactivation domain. A four 
amino acid change in the tetR DNA binding moiety alters rtTA's binding characteristics such 
that it can only recognize the tetO sequences in the tetracycline-responsive promoter 
















8 ANNEX II – Primer pair sequences list 
 
1. Primer pair sequences list used in RT-PCR reactions: 
β-actin_F: 5’ TGTTACCAACTGGGACGACA 3’ 
β-actin_R: 5’ GGGGTGTTGAAGGTCTCAAA 3’ 
Notch1_F: 5’ ACAGTAACCCCTGCATCCAC 3’ 
Notch1_R: 5’ GGTTGGACTCACACTCGTTG 3’ 
Notch2_F: 5’ GACTGCACAGAAGACGTGGA 3’ 
Notch2_R: 5’ GCGTAGCCCTTCAGACACTC 3’ 
Notch3_F: 5’ GTGTCAATGGTGGTGTCTGC 3’ 
Notch3_R: 5’ GCACACTCATCCACATCCAG 3’ 
Notch4_F: 5’ GAGGGACACTCCACCTTTCA 3’ 
Notch4_R: 5’ CTGGTGCCTGACACAGTCAT 3’ 
Dll1_F: 5’ GTTGTCTCCATGGCACCTG 3’ 
Dll1_R: 5’ TGCACGGCTTATGGTGAGTA 3’ 
Dll4_F: 5’ GGAACCTTCTCACTCAAATCT 3’ 
Dll4_R: 5’ CTCGTCTGTTCGCCAAATCT 3’ 
Jag1_F: 5’ CCAGCCAGTGAAGACCAAGT 3’ 
Jag1_R: 5’ CAATTCGCTGCAAATGTGTT 3’ 
Hes1_F: 5’ GCGAAGGGCAAGAATAAATG 3’ 
Hes1_R: 5’ TGTCTGCCTTCTCTAGCTTGG 3’ 
Hes5_F: 5’ GCACCAGCCCAACTCCAA 3’ 
Hes5_R: 5’ GGCGAAGGCTTTGCTGTGT 3’ 
Hey2_F: 5’ TGCCAAGTTAGAAAAGGCTGA 3’ 
Hey2_R: 5’ CACTCTCGGAATCCAATGCT 3’ 
VEGFR1_F: 5’ GACCCTCTTTTGGCTCCTTC 3’ 
VEGFR1_R: 5’ CAGTCTCTCCCGTGCAAACT 3’ 
VEGFR2_F: 5’ GGCGGTGGTGACAGTATCTT 3’ 
VEGFR2_R: 5’ GAGGCGATGAATGGTGATCT 3’ 
VEGFR3_F: 5’ CGAAGCAGACGCTGATGATA 3’ 
VEGFR3_R: 5’ CCCAGGAAAGGACACACAGT 3’ 
VEGFA_F: 5’ GGAGAGCAGAAGTCCCATGA 3’ 
VEGFA_R: 5’ ACACAGGACGGCTTGAAGAT 3’ 
VEGFC_F: 5’ CCTGAATCCTGGGAAATGTG 3’ 
VEGFC_R: 5’ TCGCACACGGTCTTCTGTAA 3’ 
PECAM-1_F: 5’ CAAGCAAAGCAGTGAAGCTG 3’ 
PECAM-1_R: 5’ TCTAACTTCGGCTTGGGAAA 3’ 
Atoh1_F: 5’ CAACGACAAGAAGCTGTCCA 3’ 
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Atoh1_R: 5’ CTCTCCGACATTGGGAGTCT 3’ 
KLF4_F: 5’ GCAGTCACAAGTCCCCTCTC 3’ 
KLF4_R: 5’ GACCTTCTTCCCCTCTTTGG 3’ 
Muc2_F: 5’ CACATCACCACCTTTGATGG 3’ 
Muc2_R: 5’ GGAGGGCATAGGAGTCATTG 3’ 
Neurog3_F: 5’ AAGAGCGAGTTGGCACTCAG 3’ 
Neurog3_R: 5’ CCGAGTTGAGGTTGTGCAT 3’ 
Akp3_F: 5’ GCTGTCTGGGACCTGTCTGT 3’ 
Akp3_R: 5’ CAGTTGGAAGGCCATCTAGG 3’ 
Lyz1_F: 5’ ATGGAATGGATGGCTACCGT 3’ 
Lyz1_R: 5’ ATAGTCGGTGCTTCGGTCTC 3’ 
Cdkn1b_F: 5’ TCTGTTGGCCCTTTTGTTTT 3’ 
Cdkn1b_R: 5’ GTGGACCAAATGCCTGACTC 3’ 
Cdkn1c_F: 5’ GTTCTCCTGCGCAGTTCTCT 3’ 
Cdkn1c_R: 5’ CTGAAGGACCAGCCTCTCTC 3’ 
Myc_F: 5’ GCCCAGTGAGGATATCTGGA 3’ 
Myc_R: 5’ GACCGCAACATAGGATGGAG 3’ 
Ccnd2_F: 5’ CAGTCACCCCTCACGACTTC 3’ 
Ccnd2_R: 5’ ACAGAGCGATGAAGGTCTGC 3’ 
Lgr5_F: 5’ CCCATCCAATTTGTTGGAGTA 3’ 
Lgr5_R: 5’ GTGGCAGTTCCTGTCAAGTG 3’ 
Bmi1_F: 5’ AGAGATTTTTATGCAGCTCACC 3’ 
Bmi1_R: 5’ AATCCTCTTCTCCTCATCTGC 3’ 
STAT3_F: 5’ GAGCTGGCTGACTGGAAGAG 3’ 
STAT3_R: 5’ GCGGGTCTGAAGTTGAGATT 3’ 
INF-γ_F: 5’ CACGGCACAGTCATTGAAAG 3’ 
INF-γ_R: 5’ CTTTTGCCAGTTCCTCCAGA 3’ 
IL2_F: 5’ ACCTGGAGCAGCTGTTGATG 3’ 
IL2_R: 5’ GGGCAAGTAAAATTTGAAGGTG 3’ 
IL4_F: 5’ TGTTCTCATGGAGCTGCAGA 3’ 
IL4_R: 5’ GTGATGTGGACTTGGACTCA 3’ 
IL10_F: 5’ CCTTCAGCCAGGTGAAGACT 3’ 
IL10_R: 5’ GGCAACCCAAGTAACCCTTA 3’ 
IL13_F: 5’ GCAATGCCATCTACAGGACC 3’ 
IL13_R: 5’ GATTTTGGTATCGGGGAGGC 3’ 
IL6_F: 5’ TGTTCTCATGGAGCTGCAGA 3’ 
IL6_R: 5’ GTGATGTGGACTTGGACTCA 3’ 
IL1β_F: 5’ TGAGGACATGAGCACCTTCT 3’ 
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IL1β _R: 5’ GAACGTCACACACCAGCAG 3’ 
TNF-α_F: 5’ TCAGTTCTATGGCCCAGACC 3’ 
TNF-α_R: 5’ CACTTGGTGGTTTGCTACGA 3’ 
TGF-β_F: 5’ TGGAGCAACATGTGGAACTC 3’ 
TGF-β_R: 5’ CGTCAAAAGACAGCCACTCA 3’ 
IL17_F: 5’ AAACCTGCTGCTCACCTTGT 3’ 
IL17_R: 5’ GGAGGGAGTTGTTGCTCAAA 3’ 
NFKB2_F: 5’ GCTGTGCCCCAAATATTGCA 3’ 
NFKB2_R: 5’ CACTTCAGCTCCACAGTCAAC 3’ 
COX2_F: 5’ TGAGTGGGGTGATGAGCAAC 3’ 
COX2_R: 5’ TGAGTTTGAAGTGGTAACCGC 3’ 
iNOS_F: 5’ AGATGGTCCGCAAGAGAGTG 3’ 
iNOS_R: 5’ TGCAGGATGTCCTGAACGTA 3’ 
 
2. Primer pair sequences list used in PCR reactions: 
Genotyping of ApcMin/+ mouse: 
oIMR0033: 5’ GCCATCCCTTCACGTTAG 3’ 
oIMR0034: 5’ TTCCACTTTGGCATAAGGC 3’ 
oIMR0758: 5’ TTCTGAGAAAGACAGAAGTTA 3’ 
Size of the mutant band: 340pb 
Program: 
1cycle: 94ºC: 3min 
35 cycles: 94ºC 30s, 55ºC 30s, 72ºC: 1min 
1 cycle: 72ºC 2min 
1 cycle: 4ºC: ∞ 
 
Genotyping of Dll4lox/lox : 
Dll4lox 5’: 5’ GTG CTG GGA CTG TAG CCA CT 3’ 
Dll4lox 3’: 5’ TGT TAG GGA TGT CGC TCT CC 3’ 
Size of the mutant band: 455pb 
Program: 
1cycle: 94ºC: 2min 
34 cycles: 94ºC 45s, 60ºC 30s, 72ºC: 30s 
1 cycle: 72ºC 10min 
1 cycle: 4ºC: ∞ 
 
Genotyping of Cre: 
Cre 313U: 5' CCAGCTAAACATGCTTCATC 3' 
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Cre 6831: 5' CGCTCGACCAGTTTAGTTAC 3' 
Size of the band: 350pb 
Program: 
1cycle: 95ºC: 3min 
35 cycles: 95ºC 30s, 60ºC 30s, 72ºC: 35s 
1 cycle: 72ºC 3min 
1 cycle: 4ºC: ∞ 
 
Genotyping of Tie2-rtTA: 
HH FW1: 5' CACTGGCGTGGTCTGGACACCA 3' 
M2 REV2: 5' CCACCTGGTCCTGTCCAGGTAC 3' 
Size of the band: 200pb 
Program: 
1cycle: 95ºC: 4min 
35 cycles: 95ºC 30s, 60ºC 45s, 72ºC: 45s 
1 cycle: 72ºC 5min 
1 cycle: 4ºC: ∞ 
 
Genotyping of TetO7-Dll4: 
Tet_Dll4_L: 5' ATCCACGCTGTTTTGACCTC 3' 
Tet_Dll4_R: 5' GTGGAGACATTGCCAAAGGT 3' 
Size of the band: 500pb 
Program: 
1cycle: 95ºC: 3min 
40 cycles: 95ºC 30s, 60ºC 30s, 72ºC: 35s 
1 cycle: 72ºC 3min 
1 cycle: 4ºC: ∞ 
 
Genotyping of Dll4+/LacZ: 
Dll4-S3: 5' GGGGAATCAGCTTTTCAGGAA 3' 
Dll4-A1: 5' CGAACTCCTGCAGCCGCAGCT 3' 
Dll4-lacZ2: 5' GGGTTTTCCCAGTCACGACGTT 3' 
Size of the mutant band: 140pb 
Program: 
1cycle: 94ºC: 5min 
35 cycles: 94ºC 45s, 65ºC 1min, 72ºC: 45s 
1 cycle: 72ºC 10min 
1 cycle: 4ºC: ∞  
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9 ANNEX III – Collaborations 
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response profile elicited by the model antigen ovalbumin expressed in fusion with the 
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